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ABSTRACT
The class of Double-Double Radio Galaxies (DDRGs) relates to episodic jet outbursts. How
various regions and components add to the total intensity in radio images is less well known.
In this paper we synthesize synchrotron images for DDRGs based on special relativistic hy-
drodynamic simulations, making advanced approximations for the magnetic fields. We study
the synchrotron images for: Three different radial jet profiles; Ordered, entangled or mixed
magnetic fields; Spectral ageing from synchrotron cooling; The contribution from different
jet components; The viewing angle and Doppler (de-)boosting; The various epochs of the
evolution of the DDRG. To link our results to observational data, we adopt to J1835+6204
as a reference source. In all cases the synthesized synchrotron images show two clear pairs
of hotspots, in the inner and outer lobes. The best resemblance is obtained for the piecewise
isochoric jet model, for a viewing angle of approximately ϑ ∼ −71◦, i.e. inclined with the
lower jet towards the observer, with predominantly entangled (& 70 per cent of the magnetic
pressure) in turbulent, rather than ordered fields. The effects of spectral ageing become sig-
nificant when the ratio of observation frequencies and cut-off frequency νobs/ν∞,0 & 10−3,
corresponding to ∼ 3 · 102 MHz. For viewing angles ϑ . −30◦, a DDRG morphology can
no longer be recognized. The second jets must be injected within . 4 per cent of the lifetime
of the first jets for a DDRG structure to emerge, which is relevant for Active Galactic Nuclei
feedback constraints.
Key words: galaxies: jets – hydrodynamics – magnetic fields –radiation mechanisms: non-
thermal – relativistic processes –software: simulations
1 INTRODUCTION
Active Galactic Nuclei (AGN) jets that are created by the central
engine of a powerful radio galaxy are capable of growing up to
megaparsec scales (Dabhade et al. 2017). They can be active for
tens or hundreds of megayears (Bird et al. 2008; Turner & Shabala
2015). Some radio galaxies are thought to have gone through an
episodic outburst cycle, where the central engine has been turned
off for some time. If this time of intermittency is less than the time
it takes for a jet plasma element to travel from the central engine
to the jet-head, there will be a phase only seen in radio images
where two distinct jets and counter jets will be visible, as well as
their corresponding hotspots, forming a double-double radio galaxy
(DDRG).
The class of double-double radio galaxies has been discovered
a relatively short time ago (Schoenmakers et al. 2000,Schoenmak-
ers et al. 2000; Kaiser, Schoenmakers & Ro¨ttgering 2000). It is
? email: sanderwalg@gmail.com
characterized by having two aligned distinct pairs of radio lobes
originating from the same central engine of the AGN. More than
20 DDRGs have been clearly identified so far (see for example
Saikia & Jamrozy 2009, Nandi et al. 2019, Kuz´micz et al. 2017 or
Mahatma et al. 2019), but with the increasing sensitivities and ra-
dio bandwidth in novel radio telescopes such as LOFAR, the num-
ber of detected radio loud AGN or LOFAR DDRGs has increased
significantly (see for example the GLEAM survey, Callingham
et al. 2017; or the LOFAR Two-metre Sky Survey (LoTSS), see
Shimwell et al. 2019, Hardcastle et al. 2019; Mahatma et al. 2019)
so that the number of detectable DDRGs might also grow signifi-
cantly (Orru` et al. 2015). As the synchrotron emission fades rapidly,
the higher sensitivity and low frequency coverage as achieved by
LOFAR is crucial in that aspect. The typical morphology of these
sources, as well as studies on the spectral age of different regions,
suggest that DDRGs are the result of episodic jet activity (Mahatma
et al. 2019; Schoenmakers et al. 2000; Saikia & Jamrozy 2009;
Marecki et al. 2016; Nandi et al. 2017, 2019). The jet size can be
extremely large, while the associated ∼Myr time scales for source
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evolution excludes us to witness the episodic scenario within a sin-
gle, individual source.
The radio emission observed in DDRGs is mainly (non-
thermal) synchrotron radiation. It is produced by relativistic elec-
trons that are spiralling along magnetic field lines which are car-
ried along by the plasma. What we see is the sum (superposition)
of all synchrotron-radiating particles. However, for jets with a ra-
dial structure and in the case of episodic activity, different jet com-
ponents might have very different intensities, leading to different
brightness variations in synchrotron radiation. Brightness varia-
tions in radio images and the frequency at which the source is ob-
served can strongly influence the general observed morphology of
these sources. This can be a complicating factor when comparing
an observed DDRG to a synthesized map of a numerical simula-
tion. To better understand the processes that lead to the observed
DDRGs, a study on the synchrotron radiation coming from various
jet components is essential.
In the past few decades, a number of numerical studies on
episodic jet activity have been performed (see e.g. Wilson 1984;
Clarke & Burns 1991; Chon et al. 2012; Mendygral, Jones &
Dolag 2012; Refaelovich & Soker 2012; Stepanovs, Fendt &
Sheikhnezami 2014; Walg et al. 2014; Lee et al. 2016). In Walg
et al. (2014), a 2.5D (i.e. accounting for all three flow components
but assuming axisymmetric evolution) cylindrical symmetric spe-
cial relativistic hydrodynamical (SRHD) study was performed on
episodic activity of relativistic AGN jets. In that work, the density,
pressure and jet velocity were chosen such that they correspond
well to those inferred from observations of a typical DDRG (for ex-
ample Konar & Hardcastle 2013). The jets discussed in Walg et al.
(2013) (hereafter SW1) and Walg et al. (2014) (hereafter SW2)
have radial structure, consisting of a high-Lorentz factor jet spine
and slower jet sheath. This is inspired from observations, showing
evidence for spine-sheath structured jets (see e.g. Laing & Bridle
2014). The main emphasis in SW2 was on the integrity of this struc-
ture as the jet propagates, and how the different jet components mix.
Main focus of this research
Synchrotron emissivity is determined by the number density of
relativistic particles, the frequency of the photons and the strength
of the magnetic field component perpendicular to the particle’s ve-
locity. Bulk motion of the source material, and in particular motion
along the line-of-sight, influences the observed intensity through
the Doppler effect. This will be discussed in more detail in section
2. In order to create a synthesized synchrotron map, one requires a
full special relativistic magnetohydrodynamic (SRMHD) treatment
with additional dynamical tracing of a relativistic particle popula-
tion. Presently, there are a great number of relativistic magneto-
hydrodynamics (MHD) codes. A recent study compares a sig-
nificant number of (general relativistic) magneto-hydrodynamics
(GRMHD) codes including Athena++, BHAC, Cosmos++, ECHO,
H-AMR, iharm3D, HARM-Noble, IllinoisGRMHD, Koral (Porth et al.
2019), but in this study GR is not needed when studying the larger
scales in the jets. Despite the benefits of having detailed data of the
evolution of the magnetic fields, SRMHD simulations are compu-
tationally much more expensive than pure special relativistic hy-
drodynamic (SRHD) simulations.
Close to the AGN, magnetic fields are dynamically important
and may be linked to the mechanism that collimates the jet flow
(e.g. Begelman, Blandford & Rees 1984; Bromberg et al. 2011;
Blandford, Meier & Readhead 2019; Chatterjee et al. 2019 ). At
large (Mpc) scales, when the jet has reached its terminal velocity,
the fields are no longer dynamically important as the jet flow is ex-
pected to reach strongly supersonic/super-Alfve´nic speeds. More-
over when the jets have switched off, the plasma will mostly evolve
adiabatically. In that case, we make the often used assumption that
there is equipartition between the pressure stored in the magnetic
field and the gas pressure from the relativistic particle population.
From our SRHD simulation, this is the simplest way to handle the
unknown magnetic field strength quantitatively, and equipartition
fields are close to the state in which the total energy of the plasma
is minimized. We will distinguish between two underlying mag-
netic field topologies, namely ordered versus turbulent field, which
together build up the deduced magnetic pressure. In SRMHD sim-
ulations, one would need excessive resolutions to properly account
for turbulent magnetic fields. From our grid-adaptive SRHD runs,
we get extended turbulent mixing regions as discussed in SW1 and
SW2. Although some studies (Croston et al. 2005, 2018; Mahatma
et al. 2020) show evidence for field strengths in the lobes that are
lower than equipartition estimates, we find it reasonable to assume
that the gas pressure from the relativistic particles is directly pro-
portional to the mass fraction of the different jet components. In the
numerical simulations in this paper, we have used additional trac-
ers, to identify the various jet components at all times, allowing to
determine mass fractions of jet material in different jet episodes
or different layers (spine versus sheath). This allows us to infer
the magnetic field strength directly from the bulk gas pressure and
tracer values, without the need for dynamically evolving the mag-
netic fields.
The synchrotron emission from AGN jets can usually be rep-
resented by a power law in frequency ν,
S ν ∝ ν−α , (1)
over a wide range of frequencies, where α is the spectral index.
This is the emission expected from a population of relativistic elec-
trons with an energy distribution N() d ∝ −(2α+1) d (e.g. Lon-
gair 2011, Ch. 8, or Rybicki & Lightman 1986, Ch. 6). Here  is
the electron energy. The power-law continues up to some cut-off
frequency ν∞, where a break in the spectrum occurs either due to
synchrotron losses of the relativistic electrons or the fact that the
acceleration mechanism has a limiting (maximum) energy.
When a power law distribution is assumed for the population
of relativistic particles at the jet inlet, the evolution of this popula-
tion can be calculated in two ways: i) either it can be inferred from
the bulk mass density and the mass fraction of jet material; ii) it can
be deduced from advecting a quantity proportional to the cut-off en-
ergy ∞ (see for example Camus 2009, Ch. 4; or Camus et al. 2009).
Both methods will be discussed in this paper. We utilize the tracers
for various jet components to full extent. This allows us to study the
influence of the various jet components on the brightness variations
within a synchrotron map. Moreover, we will impose various mag-
netic field configurations on our numerical simulations and study
the influence on the overall morphology. Finally, we utilize the jet
tracers to give an estimation of how large-scale ordered fields trans-
form into entangled fields, so a mixed magnetic field configuration
can be used. In this work we focus on synthesizing synchrotron
maps from the same simulations that were presented in SW2. In
SW2, we emphasized that subtly different dynamics and mixing
properties arise when jets that differ in their radial stratification in-
teract. This will undoubtedly reflect in synthetic synchrotron views,
and this will become evident in this paper. The synchrotron views
c© 2013 RAS, MNRAS 0000, 1–24
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are expected to be sensitive to the deduced magnetic field config-
urations, an aspect to be investigated here as well. Moreover, ra-
diative losses (synchrotron ageing) can be a decisive factor in the
overall radio appearance. Therefore, we will:
• compare the emission from three different jet models: a homo-
geneous jet; a piecewise isochoric jet; and an isothermal jet;
• compare the emission for various different imposed magnetic
field configurations;
• study the effect of dimming due to synchrotron ageing of the
first jet on the radio morphology;
• compare the emission coming from the initial jet and the
restarted jet separately;
• consider different viewing angles for the DDRG phase, taking
into account the effect of the Doppler factor;
• consider the emission from the source at various phases of the
outburst cycle.
As a reference DDRG source, we will consider J1835+6204,
(observed at 4860.1 MHz with the VLA in the B or D configuration,
with beam sizes 1.14” and 1.71”), for which various observational
results exist in the literature (Konar et al. 2012, 2013). In Konar
et al. (2013), the duration of the quiescent phase was estimated to
be ∼ 1 Myr, as short as 4.5 per cent of the previous active phase,
while the age of the source is estimated to be ∼ 22 Myr. Estimates
of the speed of the jet spine, from a sample of radio galaxies in-
cluding J1835+6204, were made in Konar & Hardcastle (2013),
inferring Lorentz factors even above 10, to explain the observa-
tions. The spectral index for this source is α ∼ 0.818. Our models
for DDRG jets discussed in SW2 adopted parameters inspired from
observations, with e.g. the first jet injection lasting for 15.3 Myr,
a (smoothly varying) switching-off of the central engine between
15.3 and up to 16 Myr (see Eqns. (3)-(4) and Fig. 2 in SW2), and
a subsequent jet injection for another 6.8 Myr. The Lorentz factor
is adopted as 3.11 for the homogeneous jet, while the spine–sheath
models (isochoric or isothermal jets) have a central spine with a
Lorentz factor 6. All three jet models derive parameters from a typ-
ical kinetic jet luminosity of a few ×1046 erg s−1. Details of the jet
models are described in SW1, where it was shown how different
internal jet structures can lead to dramatic differences in maintain-
ing jet integrity, and on their overall propagation speeds. In SW2,
the same jet stratification models were then used to discuss their
interaction in a DDRG scenario, and here we follow up with their
synthetic radio views.
2 THEORETICAL BACKGROUND
We assume that the bulk flow of jet material contains a population
of relativistic particles. A recent study suggests that the compo-
sition of relativistic jets in FR-II radio galaxies consists of elec-
trons, positrons and protons (Kawakatu, Kino & Takahara 2016).
In our simulations, we do not consider low-power (FR-I class) jets,
which may entrain significantly more material while propagating
through the host galaxy and the Intergalactic medium (Laing & Bri-
dle 2014). Such jets are more vulnerable to instabilities at the jet-
cocoon and cocoon-intergalactic medium interfaces, with resultant
turbulent mixing. In our FR-II scenarios, we model all entrainment
with the surrounding medium in the simulations, except for any en-
trainment aspects close to the central engine, which we exclude. We
treat synchrotron emission in the optically thin limit. The total in-
tensity of synchrotron radiation, I(X,Y), at sky position (X,Y) and
frequency ν is completely determined by the synchrotron emissiv-
ity coming from the plasma of non-thermal electrons. Hereafter, we
shall denote n as a unit vector along the line of sight pointing at the
observer, measured in the observers frame. The intensity measured
at the sky position (X,Y) is calculated by integrating the emissivity
jν along the line of sight Zn, perpendicular to the sky coordinate
plane. It equals:
Iν =
∫
dZ jν(r , t) , (2)
where jν(r , t) is the synchrotron emissivity at time t and position
r = (X, Y, Z) and frequency ν, all as measured in the observer
frame. The effects of synchrotron self-absorption at low frequen-
cies are neglected. In the rest-frame of the plasma (where we de-
note observables with an apostrophe ’ ), the synchrotron emissivity
is given by:
j′ν′ ∝ N (B′⊥)α+1 (ν′)−α (3)
(for instance: see Longair 2011). Here, N is proportional to the
density of the relativistic particles (see appendix A), B′⊥ is the mag-
netic field strength perpendicular to the particle’s velocity in the
rest-frame of the plasma (see appendix C), ν′ is the photon fre-
quency and α, as before, the spectral index of the plasma.
In the observer frame, however, Doppler (de-)boosting needs
to be taken into account. The synchrotron emissivity and the photon
frequency are Doppler shifted according to (Begelman et al. 1984
and Rybicki & Lightman 1986):
jν = D2 j′ν′ (4)
and
ν = Dν′ , (5)
so that the emissivity observed at frequency ν is given by:
jν ∝ D2+αN (B′⊥)α+1 (ν)−α . (6)
The Doppler factorD (for a smooth continuous jet) is given by:
D = 1
γ(1 − β cos (ψ)) =
1
γ(1 − β · n) , (7)
with γ(r , t) = 1/
√
1 − β · β the bulk Lorentz factor,
β(r , t) = V(r , t)/c the bulk 3-velocity of the plasma in
units of c, and ψ = ∠(n, β) the angle between the line of sight and
the bulk velocity of the plasma.
Based on a number of assumptions, we approximate various
magnetic field configurations from the hydrodynamic quantities.
Near the central engine of an AGN, magnetic fields are believed to
have a helical structure (see for example Blandford & Znajek 1977;
Blandford & Payne 1982; Keppens et al. 2008; McKinney & Bland-
ford 2009; Tchekhovskoy et al. 2011; Laing & Bridle 2014; Za-
maninasab et al. 2014; Gabuzda et al. 2015; Prior & Gourgouliatos
2019). At large distances from the central engine the large-scale
magnetic field structures are much more difficult to determine: the
way that the large-scale structures evolve is strongly dependent on
jet dynamics (i.e. radial structure, velocity shear etc.); the conver-
sion of magnetic energy into heat (i.e. magnetic reconnection); and
interaction with the ambient medium, leading to back flow, vortices
and jet pinches (see SW1).
The observed synchrotron emission from jets results from a
line-of-sight integration of the synchrotron emissivity, which de-
pends on the (probably complicated) field geometry, field strength
and the distribution of the relativistic electrons. Therefore, based
c© 2013 RAS, MNRAS 0000, 1–24
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on the observations alone it is not possible to unravel the underly-
ing field configuration. We make a sophisticated guess on how the
magnetic pressure is distributed between the entangled field and
the ordered (azimuthal, poloidal or helical) magnetic fields. Our
heuristic method is explained in detail in Appendix C.
For the quantity N , related to the density of relativistic par-
ticles, we use and compare two different models. The first model,
which we shall refer to as the N-Tracer model, makes extensive
use of the tracers that are advected with each jet component. This
model takes into account the energy losses due to adiabatic ex-
pansion, but neglects the effect of synchrotron cooling. The sec-
ond model is referred to as the N-Cooling model and is based
on the work of Camus (2009), Section 4.3.4, and Del Zanna et al.
(2006). It takes into account both the effects of adiabatic losses and
synchrotron cooling. There, a power law of relativistic particles is
injected along with the jet, characterised by a number density of rel-
ativistic particles, n, and a cut-off frequency ν∞. The advantage of
this model is that brightness variations are given more accurately
at all observer frequencies, but this model is not able to separate
the various contributions of different jet components. In the case
where the observation frequency is much lower than the cut-off fre-
quency (νobs << ν∞), there is no significant synchrotron cooling. In
this limit these two models should yield similar results, as we will
show. The general expression for the emissivity (6) will be further
specified in the next section for the N-Tracer and the N-Cooling
models, of which a full derivation can be found in the appendices
A, B and C.
3 METHOD
We have generated 2.5D simulations of cylindrically symmetric
jets, based on similar simulations that we used in SW1 and SW2.
For a complete explanation of the numerical method that was used
for generating the simulations, we refer the reader to those papers.
We employ the code MPI-AMRVAC (see for example Kep-
pens et al. 2012; Porth et al. 2014; Xia et al. 2018 or Teunissen
& Keppens 2019 and amrvac.org), and use the special relativistic
hydrodynamical module (SRHDEOS) with the Mathews approx-
imation for the Synge gas equation of state, suitable for a non-
relativistic gas, as well as a relativistically hot gas. Moreover, we
use the Harten-Lax-van Leer-Contact solver (HLLC) (Toro, Spruce
& Speares 1994; Mignone & Bodo 2005) combined with a Three
step Runge-Kutta time-discretisation scheme and a Koren limiter
(Koren 1993).
The base-level computational domain contains (120 × 480)
grid cells, corresponding to the physical scale of (120 × 480 kpc2).
We allow for three additional refinement levels, resulting in an ef-
fective resolution of (960 × 3840) grid cells. The jet is injected
along the Z−axis at Z = 0, between R = 0 and R = Rjet(Z = 0) =
1 kpc. We study jets with three different radial profiles, namely a
piecewise isochoric jet (model A2); an isothermal jet (model I2);
and a homogeneous jet (model H2). In this context, piecewise iso-
choric means that as the jet is injected into the system, the jet spine
and the jet sheath are initiated with constant, but different mass den-
sities. The jet spine is assumed to have a lower mass density than
the jet sheath. We assume that at the jet inlet the jet spine and the jet
sheath have already gone through some extent of turbulent mixing,
compared to the conditions close to the AGN, so that their mass
ratio is moderate. In correspondence with the previous papers SW1
and SW2, we have arbitrarily chosen the mass density ratio to be
ρsh/ρsp = 5.
The jets are switched on for 15.3 Myr; interrupted for 0.68
Myr; and restarted again for another 6.8 Myr, matching realistic
time scales for DDGRs. For the jet in the initial phase (or simply
“the first jet”), and the jet in the restarted phase (simply the “second
jet”) different tracers are advected. For the homogeneous jet (H)
this leads to two different tracers, but in the case of the radially
structured jets (the A or I models) where we have a jet spine and
a jet sheath, a total of four tracers is used in each simulation. In
addition to the SRHDEOS module that was used for the simulations
in SW1 and SW2, a new set of transport equations was added to the
code in order to trace the number density and cut-off energy of a
population of relativistic particles with a power law distribution of
the form −s, see (A33); (A34) and (A35).
The data files that are generated in the numerical simulations
are used in the relativistic ray-tracer synchro.py (e.g. Porth, Komis-
sarov & Keppens 2014) in order to create the synthesized syn-
chrotron maps. By reflecting the one-sided jet in the Z = 0 plane
(of the initial computational box), this jet is transformed into a two-
sided jet. The emissivity is then calculated in each grid cell of the
new box. We choose the size of the new box to be 700 × 700 × 700
kpc3 with a resolution of 300 × 300 × 300 grid cells.
For ϑ = 0◦ the line of sight and the jet Z−axis are aligned
(head-on), while for ϑ = ±90◦ the line of sight is perpendicular
to the jet axis (face-on). In our coordinate system positive viewing
angles correspond to the upper jets (the NW jets in Fig.1A) pointing
towards the observer, while the lower jets (the SE jets in Fig.1A)
point away from the observer. For negative viewing angles this is
the other way around, and corresponds to case of J1835+6204. We
simulated the jet models with a large variety of viewing angles and
find a best match with J1835+6204 for ϑ = −71◦, which we will use
in most cases, unless mentioned otherwise. The sky plane rotation
angle is close to δ = 30◦, but we will use δ = 90◦ is most cases in
order to favour the visibility of the synthesized synchrotron maps.
Here we compare the two synchrotron radiation models, the
emissivity of the N-tracer model:
jν ∝ ΣA D2+α NA0 (B′⊥)1+α (ν)−α
(
θ′A ρ
′
ρ′A0
)1+ 23 α
, (8)
where the sum runs over the various jet components (see appendix
A1), and the emissivity of the N-Cooling model:
jν ∝ D2+α N0 (B′⊥)1+α (ν)−α
(
n′e
n′e 0
)1+ 23 α 1 −
√
ν′
ν′∞

2α−1
, (9)
(see appendix A3). Here B′⊥ is given defined through (C28). After
the intensity is calculated a Gaussian smoothening is applied with a
FWHM of 8.0 kpc to match a typical beam size of a radio telescope
such as the VLA in B or D configuration at 4.8 GHz, with beam
sizes of ∼ 1.14” – 1.71” as in the case of J1835+6204 (see Konar
et al. 2012).
The brightness levels of the synthesized synchrotron maps are
constructed as follows: After integrating the emissivity along the
line of sight, the peak level radio flux Iν,max is determined per im-
age. We let this flux level correspond to the peak flux level of the
observed source J1835+6204. We choose a dynamic range of 256
from the peak intensity and show contours spaced by factors of two.
This allows us to make a realistic comparison between the various
synthesized synchrotron maps.
c© 2013 RAS, MNRAS 0000, 1–24
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4 RESULTS AND DISCUSSION
In this section we present the results of the two synchrotron radia-
tion models that we have used for our synthesis maps. As a ref-
erence source, we will use the DDRG J1835+6204 observed at
4860.1 MHz (see Fig. 1, panel A). We will summarise the main
features of J1835+6204 here.
J1835+6204 has two clearly distinct pairs of radio lobes: the
outer North-Western and the South-Eastern lobes, referred to as
NW1 and SE1, respectively; and the inner North-Western and the
South-Eastern radio lobes (closest to the central engine situated at
the plus-sign in the center of the image), referred to as NW2 and
SE2, respectively. The viewing angle of the source is such that the
SE lobes are pointing towards the observer and the NW lobes are
pointing away from the observer. The outer radio lobes are thought
to be caused by the first jet eruption; the space between the outer
lobes and the inner lobes correspond to a quiescent phase in the
activity of the central engine, where a jet was not injected; and the
inner radio lobes are due to a second jet eruption. All four hotspots
are visible and are well described by a power law, meaning that
the hotspots are still being fed by the jets (or the time passed since
the last material from the jet has reached the outer hotspot is rel-
atively short). Based on the distance of the hotspots to the central
engine and the jet-head propagation speed, it is possible to estimate
the viewing angle of the radio jet (see for example Safouris et al.
2008 or Konar et al. 2013). We will briefly sketch this method here:
When a radio galaxy ejects radio jets of which the jet axis is not ex-
actly perpendicular to the line of sight, retardation effects come into
play. The time it takes for light emitted by (for example the hotspot
of the) approaching jet to reach the observer will be less than the
time it takes for light emitted by the (hotspot of) receding jet, when
we assume the jets to have equal physical size. This leads to a dif-
ference in the observed size of both jets. When the projected size
of the approaching jet is da, and the projected size of the receding
jet is dr, the arm length ratio D is then defined by:
D =
da
dr
=
1 + βhd cosϑ
1 − βhd cosϑ , (10)
with βhd the jet-head advance speed, and ϑ the viewing angle, as
before. This can be rewritten as:
cosϑ =
1
βhd
D − 1
D + 1
. (11)
The projected linear sizes da and dr for both the outer jets, as well
as the inner jets for J1835-6204 are known (see Konar et al. 2012),
and lead to an arm length ratio of D ≈ 1.02. Moreover, the jet-head
advance speed of the outer jets is typically of the order βhd ∼ 0.03 –
0.05. The jet-head advance speed for the inner jets is usually much
higher, and of the order βhd ∼ 0.1 – 0.5. Both cases agree very well
with our simulations, as is discussed in SW2. Using these values,
we find an estimate for the viewing angle 70◦ . ϑ . 89◦. The
inner hotspots are brighter by a factor of 2 compared to the outer
ones for the NW jets and by a factor of 4 for the SE jets. The outer
radio lobes are more elongated, while the inner radio lobes are more
circular.
4.1 Comparing J1835+6204 to models A2, I2 and H2
In SW1 three radial jet profiles were explained in detail, namely:
• the homogeneous radial jet profile, denoted as ‘H’. This model
describes a non-rotating structureless jet profile;
• the (piecewise) isothermal radial jet profile, denoted as ‘I’.
This model describes a jet that is initiated with an azimuthal veloc-
ity component, and constant temperature Tsp throughout the cross-
section of the jet spine and constant (but possibly different) temper-
ature Tsh throughout the jet sheath. We have chosen Tsp and Tsh to
be equal in these simulations;
• and a (piecewise) isochoric jet profile denoted, as ‘A’. This
model describes a jet that is initiated with an azimuthal velocity
component, and constant (but different) mass densities throughout
the cross-section of the jet spine and the jet sheath.
In SW2 the same radial profiles were used, but instead of the jets
being continuously injected, there is a small period of intermittency
where the central engine is not active. This interrupted jet flow leads
to the behaviour as is observed in DDRGs. We refer to these jet
models as H2, I2 and A2, respectively.
4.1.1 Similarities between the models A2, I2 and H2
In Fig. 1 A, the radio image of J1835+6204 is compared to our best
fit synthesized radio maps of jet models Fig. 1 B: The (piecewise)
isochoric jet model A2; with sky plane rotation angle δ = 30◦; using
the N-Cooling synchrotron radiation model at an observation fre-
quency νobs = 6 · 10−4 ν∞; with 70 per cent of the magnetic pressure
contributed by the entangled fields (Λ = 0.7) and 30 per cent con-
tributed by ordered helical fields (pitch angle κ = 45◦); and viewing
angle ϑ = −71◦.
In Fig. 2 A, B and C, jet models A2; I2 and H2 are shown
respectively, with δ = 90◦ to improve visibility; a purely entangled
magnetic field configuration (Λ = 1), and using the N-Tracer syn-
chrotron radiation model at ϑ = −71◦. The interruption time for all
three models is chosen to be 4.5 per cent of the injection time of the
initial jet, in correspondence with J1835+6204 which is estimated
to have an interruption of ∼ 1 Myr and an active phase of the pre-
vious outburst of ∼ 22 Myr. The observations of J1835+6204 show
that the ratio of the distance from the outer jet-heads to the AGN
(Djt1 ) to the distance from the inner jet-heads to the AGN (Djt2 ) is
approximately Djt1/Djt2 = 7 : 2 (at νobs ∼ 4886 MHz and a beam
size of ∼ 1.4”). Our simulations match this ratio best at a time of
16.6 Myr, when the restarted jets have been injected for ∼ 0.6 Myr.
All three synthesized synchrotron maps globally show the
same behaviour: the two pairs of hotspots are clearly visible at the
termination shocks of the jets and counter jets, and a few additional
radio blobs can be found along the jet axis. In all three models,
the ratio between the distance from the central engine to the inner
hotspots (Dhd2) and to the outer hotspots (Dhd1) is approximately
the same: Dhd1/Dhd2 ≈ 2 − 3. The maximum intensity of the SE2
hotspots is clearly higher than that of the NW2 hotspots, whereas
the NW1 hotspots in all three models are brighter than the SE1
hotspots. Finally: the bulk of the jet flow is not visible. Most of
the emission comes from the hotspots, the cocoon surrounding the
jet and some knots along the jet axis associated with instabilities
in the jet/cocoon interface. At this dynamic range in intensity, the
radio structure is broken up into distinct patches. Of the three jet
models, the morphology of the isochoric jet model A2 compares
best to the observed source J1835+6204.
4.1.2 Differences between the models A2, I2 and H2
The main differences between the three models are: [1] the shape of
the (outer) hotspots; [2] the width of the surrounding cocoon (the
radio lobes) and [3] the intensity contrast between the inner two
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Figure 1. Comparison between the observed DDRG J1835+6204 and our best fit synthesized jet model A2. Panel A: The source J1835+6204 observed at
4860.1 MHz. The cross-hairs correspond to the AGN radio core at the center of the radio galaxy. (Credits: Konar et al. 2013, Fig. 2, p5). Panel B: The
(piecewise) isochoric spine–sheath jet model (A2). The sky plane rotation angle δ = 30◦; the viewing angle ϑ = −71◦; a faction of 70 per cent of the magnetic
pressure contributed by entangled field Λ = 0.7; using theN-Cooling model at observation frequency νobs = 6 · 10−4ν∞. The contour levels for the synthesized
synchrotron map have been chosen similar to the contours for the observed source J1835+6204. The flux levels are Iν ∈ {1, 2, 4, 8, 16, 32, 64, 256} × Iν,min, with
Iν,min = Iν,max/256 and Iν,max = 1. The cross hairs correspond to the jet-inlet of the simulation, located at a distance of 57 kpc from the AGN for a jet with a 1◦
opening angle, but at the inlet we choose the opening angle to be 0◦.
hotspots and the outer two hot spots. The isochoric jet model A2
shows almost round jet hotspots in both the inner and outer jets.
The outer hotspots of the isothermal jet model I2 and of the
homogenous jet model H2 appear to be more flattened in the di-
rection perpendicular to the jet flow. The inner- and outer jets in
the I2 and H2 models have a distinct morphology and are clearly
separated in the synthesized synchrotron map. The inner jets of
the A2 jet model, on the other hand, lie partially within the radio
structure of the outer jet radio structure, in good agreement with
J1835+6204. In all cases we find this typical distinction between
the A2, the I2 and the H2 jet models.
4.2 Influence of the radial profile of the jets
Our previous studies (SW1 and SW2) focussed on the dynamical
differences between the (piecewise) isochoric jet (A) model, the iso-
choric jet I model and the structureless homogeneous jet H model.
A strong structural integrity means that the jet is not easily affected
by pressure fluctuations from the back-flowing jet material in the
cocoon that surrounds the jet due to the formation of vortices, so
that internal shocks along the jet axis are much less capable of
disrupting the jet flow. Since the emissivity depends on the mag-
netic field strength, which in turn depends on the gas pressure for
an entangled magnetic field configuration, radio features along the
jet axis will become more apparent for jets with less structural in-
tegrity. This agrees well with the results in Fig. 1 B and Fig. 2 A..
Our simulations show that the H2 jet and the I2 jet maintain
their structural integrity well: interaction with the cocoon does not
lead to a significant disruption of jet flow. In contrast: the A2 jet
suffers most disruption. This has a large influence on the radio mor-
phology of these jets, as we discuss in the following subsections.
4.2.1 The homogeneous jet model, the outer jets
The homogeneous jet has the strongest structural integrity of the
three models. Therefore, the homogeneous jet is less easily de-
formed in radial direction, so the jet flow will remain relatively
close to the jet axis, in contrast to what happens in jets with a well-
defined spine/sheath structure. This causes the Mach disc (termi-
nation shock at the jet-head) of the homogeneous jet to be less
diffuse and more flat than the Mach discs of the structured jets,
which have a larger surface area (the effective impact area) and
have a bowl-shaped, elongated structure (see SW1 for more details
on these jet-head structures). Therefore, the shock-heated gas for
the homogeneous jet will be more concentrated at the jet-head and
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the synchrotron radiation generated in this part of the jet will out-
shine the other parts of the jet/cocoon structure.
As the jet material propagates from the jet inlet to the jet-head,
it passed through ∼ 9 internal shocks at this length scale for models
A2, I2 and H2. These internal shocks are caused by jet-cocoon in-
teractions: pressure fluctuations in the cocoon for example by vor-
tices that are created at the jet-head structure and flow away from
the jet head, as was also discussed in SW1. From the simulations
in SW1, a trending increase in temperature, pressure and relativis-
tic heat (through the effective polytropic index) was found along the
jet axis, clearly correlating to the passing of the jet material through
internal shocks. From these simulations we found that the jet mate-
rial was shocked to near-relativistic temperatures just ahead of the
termination shock at the jet-head, and shocked to relativistic tem-
peratures just after passing the termination shock. This explains the
synchrotron intensity contours of the outer jets in Fig. 2 C: bright
outer hotspots and no radio features from the outer cocoon, and
small knots just ahead of the jet-heads.
4.2.2 The spine–sheath jet models I2 and A2: the first outer jets
The (piecewise) isothermal jet model I assumes a constant tem-
perature across a radial cut of the jet, but allows for the temper-
ature of the jet spine and jet sheath to differ mutually. However,
in order to minimise the number of free parameters, we’ve cho-
sen the jet spine and sheath to have an equal temperature at the jet
inlet, T ∼ 2 × 109 K, which results from our choice of parameters
(such as number density, kinetic luminosity of the jet, Lorentz fac-
tor of the bulk jet material), typical for FR-II jets and their ambient
medium (see SW1 for a more detailed discussion). After passing
the first internal shock, the temperature of the jet material is in-
creased to T ∼ 1010 – 1011 K, in agreement with observations (e.g.
Homan et al. 2006 or Kellermann et al. 2007). This choice results in
a continuous mass density profile at the jet spine/sheath interface.
The isochoric jet model A, on the other hand, has a mass density
contrast of a factor 5 at the spine–sheath interface at the jet inlet.
Therefore, the isothermal jet is much more stable against the effect
of pressure variations within the cocoon (from back flowing vor-
tices) than the isochoric jet. As a result, the isothermal jet maintains
more of its structural integrity than that of the (piecewise) isochoric
jet as one moves further away from the central engine. The jet-head
of the isochoric jet has a very elongated and bowl-shaped structure.
Therefore, the region where the jet flow is shock-heated is larger
and more diffuse, causing the radio structures of the jet-head (and
surrounding back-flowing material) to be more extended than in
the homogeneous and isothermal jet models. This explains the syn-
chrotron intensity contours of the outer jets in panels B and C of
Fig. 2: a relatively flat jet head from the isothermal jet, with radio
features from the back-flowing material (and the Doppler boost-
ing of back-flowing material is actually quite prominent); while the
jet-head from the (piecewise) isochoric jet is more round and the
surrounding back-flowing material is much better observed.
4.2.3 The restarted, inner jets
The inner (restarted, or second) jets of all three jet models A2, I2
and H2 propagate through a much more dilute external medium:
the disturbed intergalactic medium. It consists of a mixture of
shocked jet material and shocked intergalactic material, with tem-
perature, pressure and mass density comparable to that of the jet
itself. The strength of the termination shock at the jet-head is de-
termined by the (relativistic) Mach number: the ratio of the (rela-
tivistic) velocity of the jet-head as measured in the observer frame,
and the (relativistic) sound velocity of the ambient medium (see
SW2 for more details). This ratio will be significantly less for the
restarted jets, because of the much higher temperature and low
mass density of the material left behind by the first jet, so the Mach
disc of the inner jets will not be as strong. The Mach number for the
Mach disc of the outer jets for jet models A2, I2 and H2 for Fig.2
are ∼ 13, 22 and 13 respectively, while the Mach numbers for the
Mach disc of the corresponding inner jets are ∼ 8, 16 and 11, in-
deed a factor of 0.6 – 0.8 as small for all three jet models. This is
why the inner hotspots will be relatively less bright and do not out-
shine the surrounding jet material to the same extent as the hotspots
in the first (older) jet that impact the intergalactic gas (this is why
these inner jet-head radio features are also referred to as ‘warm
spots’, see for example Konar et al. 2012). The general characteris-
tics of these three jet models (as described in the previous section)
will remain to be true, but more of the jet material along the jet
axis will be visible, as compared to the first (older) jets. Finally, the
jet-head advance speed strongly depends on the mass density ratio
between jet material and ambient medium material, ηR = ρjt/ρam.
A small ηR (as is the case for jets that are under-dense compared to
their ambient medium) leads to a smaller jet-head advance speed,
while ηR ∼ 1 (for jets that have mass density comparable with that
of their ambient medium, ρjt ≈ ρam) leads to a higher jet-head ad-
vance speed (see SW2). The inner jets in the models A2, I2 and
H2 have mass density ratio very close to ηR = 1, so they propa-
gate much faster through the cocoon that was left behind by the
first jets, than the propagation speed of the first jets themselves,
which have ηR ≈ 0.01, despite their lower Mach numbers. There-
fore, the discharge of jet material through the Mach disc of the
inner jets will be much smaller, leading to a back-flow that is also
less strong. As a result, the inner jets encounter less pressure vari-
ations, and maintain their integrity better than the outer jets. The
structured spine–sheath jets have a higher Lorentz factor jet spine.
In case of the inner jets, this high Lorentz factor jet material will
be able to propagate all the way up to the jet-head. This is why the
effect of Doppler (de-)boosting is so clearly seen for the inner jets
in all three models. In this work we are trying to explain the radio
morphology of a DDRG such as J1835+6204. We find that the only
possible jet model that reproduces its resolution-frequency specific
view from Fig. 1, is the (piecewise) isochoric jet model A2. There-
fore, we continue with this model for further examination of the
various parameters.
4.3 Comparing various magnetic field configurations
In this section we focus on the main differences between the dif-
ferent magnetic field configurations and which magnetic field con-
figuration(s) we expect to be most realistic. In the simulations at
this dynamical range, the purely structured magnetic fields appear
as knots along the jet axis. Here, we have assumed the structured
magnetic fields outside the jets (within the cocoon) to be so small
(in fact, absent) compared to the fields inside the jet flow that they
can be ignored.
The general behaviour of the radio features caused by struc-
tured magnetic fields within the jets can be explained as follows:
For the sake of simplicity of the argument we assume the Doppler
factor to be small. Then the line of sight vector measured in the
observer frame, n, and as measured in the plasma rest-frame, n′,
are equal. In that case, the magnetic field component perpendicu-
lar to the line of sight, B⊥, is equal in both frames. Then, when a
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Figure 2. Panels A, B and C show the jet models A2, I2 and H2 with the sky plane rotation angle δ = 90◦ and a continuous color palet for better visibility
compared to Fig. 1 B. For these images, theN-Tracer model was used, with viewing angle ϑ = −71◦ and a purely entangled field configuration, corresponding
to Λ = 1. Panel A: The synthesized synchrotron map of the isothermal spine–sheath jet model (A2). Panel B: The synthesized synchrotron map of the
isothermal spine–sheath jet model (I2). Panel C: The synthesized synchrotron map of the homogeneous structureless jet model (H2). The flux levels are
Iν ∈ {1, 2, 4, 8, 16, 32, 64, 256} × Iν,min, with Iν,min = Iν,max/256 and Iν,max = 1.
radio jet is viewed face-on (so the line of sight is perpendicular to
the jet axis), the magnitude of the perpendicular field component of
the poloidal field is at its maximum, while the magnitude of the az-
imuthal field is at its minimum. Therefore, one can expect a larger
contribution to the perpendicular field component coming from the
poloidal field than from the azimuthal field. The opposite is true
when the jet is viewed head-on (so when the line of sight vector
coincides with the direction of the jet-axis). In most of the syn-
thesized synchrotron images in this paper, the jets have a viewing
angle of ϑ = −71◦, tending toward a face-on situation. This might
explain why the synthesized synchrotron images from the poloidal
field configuration are more prominent than those of the azimuthal
field configuration (as discussed in the next alinea). In Fig. 3, the
structured jet model A2 is shown in the case where the magnetic
fields are purely ordered (Λ = 0, see appendix C4). Since we as-
sume these ordered fields are confined to the jets, the synchrotron
emission has a very thin, elongated morphology. Panel A assumes
a purely azimuthal magnetic field (where the pitch angle κ = 0◦),
whereas panel B assumes a purely poloidal magnetic field (where
the pitch angle κ = 90◦). We note that for these images, the position
of the outermost knots in the synchrotron radiation is just ahead of
the termination shock of the jets (relative to the central engine).
This means that in case of the purely ordered fields, the termina-
tion shock itself does not contribute the most to the radio emission.
An explanation for this effect is that the ordered fields are strongest
where the jet radius is pinched the most. This occurs just ahead
of the termination shock due to high-pressure shock-heated back-
flowing jet material in the surrounding cocoon.
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Figure 3. Purely ordered magnetic field configurations for the structured isochoric jet model A2. The entangled magnetic fields are absent and the ordered
magnetic field are assumed to exist only within the jets. Panel A assumes a pure azimuthal field configuration (so Λ = 0 and κ = 0◦); Panel B assumes a pure
poloidal field configuration (so Λ = 0 and κ = 90◦); The flux levels are Iν ∈ {1, 2, 4, 8, 16, 32, 64, 256} × Iν,min, with Iν,min = Iν,max/256 and Iν,max = 1.
4.3.1 Structured magnetic fields for model A2
Fig. 3 A shows the A2 jet for a purely azimuthal magnetic field
configuration (B = Bφ). Only the emission from the restarted jets
can be seen in this image, meaning that the contribution from the
initial jets is at least a factor of 256 smaller than the peak bright-
ness level in the image. The radio structure is not continuous along
the jet axes, but just shows a number of knots (three on each side).
These knots are a result of the jet being locally compressed by ex-
ternal pressure fluctuations. Such compressions cause the jet radius
Rjt to reduce and since Bφ ∝ R/R2jt, a local compression of jet ra-
dius causes a local increase in magnetic field strength. As a result,
the emissivity is also enhanced. These local maxima in synchrotron
emissivity appear as knots (for the dynamical range in radio emis-
sion chosen in this paper). Each knot from the SE2 jet is brighter
than the corresponding knot on the NW2 jet. The Lorentz factor
of these inner jets is relatively high. Therefore, the brighting of the
(approaching) SE2 radio features compared to the corresponding
(receding) NW2 jets is due to Doppler boosting/dimming.
Fig. 3 B shows the A2 jet for a purely poloidal magnetic field
configuration (B = BZ). In contrast to the azimuthal case, here the
contribution from the initial jets is most clearly visible. The con-
tribution from the NW2 jet is virtually absent. The same argument
used to explain the appearance of knots in the azimuthal case holds
for the poloidal case, with the only difference that the magnitude of
BZ scales as BZ ∝ 1/R2jt. The two knots that are the brightest in the
SE2 jet in the azimuthal case are also seen in the poloidal case, but
they are significantly weaker than outermost knots. The outer knots
from jet NW1 are slightly brighter than the corresponding SE1 jets.
4.3.2 Mixed magnetic fields for the model A2 with Λ = 0.5
Fig. 4 shows the images resulting from mixed turbulent (entan-
gled) and regular (ordered) magnetic field configurations (see C4
for more information). Panels A and B show the images where the
(maximum) energy of the entangled field equals the (maximum)
energy of the ordered magnetic fields, corresponding to Λ = 0.5.
Panel A shows the case where the ordered fields are azimuthal,
and panel B shows the case where the ordered fields are poloidal.
The effect of adding the azimuthal field to the entangled field is that
the inner radio structure (from the restarted jets) and the outer radio
structures (from the initial jets) break up. The overall characteris-
tics remain, however, the relative brightness of the outer radio fea-
tures is significantly less than in the case with the purely entangled
fields. Adding a poloidal field to the entangled field leads to less
obvious changes in the synthesized map. The inner and outer radio
structures do not break up in this case and the brightness contrasts
between inner and outer jets (NW2 v.s. NW1 and SE2 v.s. SE1) do
not change significantly. Close examination shows that knots be-
tween the hotspots become slightly brighter.
4.3.3 Mixed magnetic fields for the model A2 with helical fields
Panels C and D of Fig. 4 show the case of a mixed field configura-
tion, where the ordered magnetic fields are helical with a fixed pitch
angle κ = 45◦. In panel C, the (maximum) magnetic energy from
the entangled fields is one third of the (maximum) magnetic en-
ergy from the ordered magnetic field, so Λ = 0.25. In this case, the
contribution from the initial jets NW1 and SE1 to the total bright-
ness becomes less significant and their radio features become less
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Figure 4. Various mixed magnetic field configurations for the isochoric jet model (A2): In panels A end B the magnetic pressure of the entangled fields in the
jets is half of the total magnetic pressure (so Λ = 0.5). Panel A: within the jets, an azimuthal magnetic field configuration is assumed (so κ = 0◦). Panel B:
within the jets, a poloidal magnetic field configuration is assumed. (so κ = 90◦). Panel C: within the jets, a helical magnetic field configuration is assumed
with κ = 45◦. The magnetic pressure of the entangled fields is now chosen to be one quarter of the total magnetic pressure (so Λ = 0.25). Panel D: also here
a helical magnetic field configuration is assumed with κ = 45◦, however, in this case we use the absolute mixing factor ΛAB for the fraction of the magnetic
pressure. The flux levels are Iν ∈ {1, 2, 4, 8, 16, 32, 64, 256} × Iν,min, with Iν,min = Iν,max/256 and Iν,max = 1.
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elongated. Radio features between the inner hot spots NW2 and
SE2, and the outer hotspots NW1 and SE1 have almost vanished.
In panel D, a model is shown where the magnetic energy fraction Λ
is not a fixed number between 0 and 1, but is actually equal to the
mass-weighted mixing factor ΛAB (see SW1 and SW2). This quan-
tity calculates to what extent the spine and sheath of a structured
jet have mixed and therefore could be a measure for the amount
of entanglement of the magnetic fields. Comparing this image to
panel C, we notice quite a lot of similarities with respect to bright-
ness contrasts, shape of the radio features, the number of knots, etc.
Therefore, if the mass-weighted mixing factor ΛAB were to be used
as a measure of the entanglement, it would roughly correspond to
Λ ∼ 0.25. If these simulations represent a realistic scenario, then
the overall radio morphology of a typical DDRG is clearly dom-
inated by an entangled field configuration. At the physical length
scales that we are simulating, it is reasonable to assume that the
structured magnetic fields have been entangled significantly due to
turbulence and passing multiple internal shocks. The knots as a re-
sult of a pinched jet radius for the structured magnetic fields appear
just before (so upstream of) the actual internal shocks along the jet
axis, since the jet radius has a local minimum there. The knots as a
result of reduced jet radius for the entangled magnetic fields on the
other hand appear just after (so downstream) of the internal shocks,
since the gas pressure (which is assumed to be close to equiparti-
tion with the magnetic pressure) has a local maximum. Through the
observation of such sources at radio frequencies, information about
the local field configuration can be gained, and can be checked with
polarization measurements.
4.4 Effects of spectral ageing
Spectral ageing is a crucial aspect to consider, since radiative losses
determine whether or not one can see the outer lobes in radio maps,
vital to know in the area of wide area radio surveys (like LoTSS,
Shimwell et al. 2019). Generally speaking, spectral ageing of the
relativistic electrons allows one to estimate the age of the source,
or - if no ageing is seen - to infer the need for re-acceleration inside
the jets or radio lobes.
In Fig. 5 we show the effect on the radio maps of synchrotron
losses of the relativistic electrons responsible for the emission
(spectral ageing, see A3 for more details). The value of the cut-
off frequency is evaluated at each grid cell and has arbitrary units,
since in our model we just study the brightness contrasts in the
synthesized images. Therefore, we can choose ν∞ = 1 at the jet-
inlet. The actual break frequency for J1835+6204 is approximately
2.3 · 104 < ν∞ < 5.9 · 105 MHz, with an average of ν∞ = 3.1 · 105
MHz (Konar et al. 2012). As the material in the jets propagates
towards the jet-heads, the jets expand sideways. As a result the cut-
off frequency decreases as one moves outwards from the central
engine. At the jet-head, kinetic energy from the jet material is con-
verted to gas pressure, resulting in a high-temperature gas that flows
back in the direction of the central engine, forming the cocoon that
surrounds the jet. The pressure gradients between the cocoon ma-
terial and the undisturbed intergalactic medium in turn also causes
the cocoon to expand sideways, away from the jet-head. As a re-
sult, the brightness of the DDRG should also decrease for obser-
vation frequencies νobs close to the cut-off frequency. This effect
is clearly visible in Fig. 5: Panel A shows the DDRG for an ob-
servation frequency νobs = 1 × 10−1 ν∞ (corresponding to 3.1 · 101
GHz). In this case, the outer hotspots are just visible (since the outer
jets and the surrounding cocoon have expanded quite significantly),
whereas the inner jets are relatively bright (since the inner jets, em-
bedded in the high-pressure gas of the first jet, have not expanded
that much laterally). Panel B shows the DDRG at an observation
frequency νobs = 1 × 10−2 ν∞. In this case, the outer hotspots are
much more prominent again, but the contours of the surrounding
cocoon are still largely absent. As the observation frequency is de-
creased, more and more of the surrounding cocoon will become vis-
ible. In our study we find that the radio structures virtually do not
show any effects of synchrotron cooling for observation frequen-
cies νobs . 1 × 10−6 ν∞ (corresponding to ∼ 0.3 MHz). To make a
fair comparison between theN-Cooling model (which includes the
effects of spectral ageing) and theN-Tracer model (which does not
include spectral ageing) we have to consider the DDRG with the
N-Cooling model at sufficiently low observation frequency. These
numbers imply that for our reference radio image of J1835+6204
at 4.8 GHz, corresponding to νobs ∼ 1.5 × 10−3 ν∞ spectral age-
ing effect would be notable, but would not yet drastically change
the morphology of the DDRG. The image at panel C shows the
DDGR for an observation frequency of νobs = 1 × 10−18 ν∞, where
the complete radio structure is visible. Panel D shows the DDRG
in case of the N-Tracer model (arbitrary observation frequency).
Close examination of the two bottom figures shows virtually no dif-
ference in any of the radio structures. This strongly indicates that
the N-Cooling and N-Tracer synchrotron models converge at suf-
ficiently low observation frequencies.
4.5 Contributions from various jet components
There are strong indicators that astrophysical jets emerging from
an AGN of a radio galaxy have a transverse radial structure (see
for instance Sol, Pelletier & Asseo 1989; Aloy et al. 2000; Giro-
letti et al. 2004; Ghisellini, Tavecchio & Chiaberge 2005; Go´mez
et al. 2008; Fuentes et al. 2018 Martı´ 2019; Park et al. 2019). These
jets are believed to consist of a low-density, high-Lorentz factor jet
spine, surrounded by a denser, slower moving jet sheath. This leads
to two distinct jet components, each of which is given a separate
tracer in the N-Tracer model. Since we would like to keep track of
each of the various jet components, we assign a total of four tracers
to the N-Tracer jet model: θsp1 , θsh1 , θsp2 and θsh2 . The N-Tracer
model allows one to include the contribution of any separate jet
component to the total emissivity, in any desired ratio. Therefore,
it’s possible to isolate the contribution of single jet components, or
the combination of multiple jet components to the total emissivity.
Fig. 6 shows the jets at an age of 16.6 Myr (as before), in
case of the N-Tracer model. We’ve assumed a purely entangled
magnetic field configuration (so Λ = 1). We show the contribution
of the initial jets to the total emission (θsp1 and θsh1 ) in panel A;
the contribution of the restarted jets to the total emission (θsp2 and
θsh2 ) in panel B; the contribution of the jet spine material to the total
emission (θsp1 and θsp2 ) in panel C; and the contribution of the jet
sheath material to the total emission (θsh1 and θsh2 ) in panel D.
In Fig. 6 A, the contribution of the initial jets is isolated. The
two outer hotspots are clearly visible, and the inner jets are absent.
Moreover, the structure of the cocoon and radio lobes shows little
differences with that of the complete image that includes the contri-
bution of both the initial jets and the restarted jets. Surprisingly, we
see that there are two very clear ‘warm spots’ just ahead of where
the termination shock of the second jets should be. Apparently, left-
over jet material from the first jet eruption is locally compressed so
much by the head of the restarted jet that it significantly contributes
to the total emissivity in the synthesized map.
In Fig. 6 B, the contribution of the restarted jets is isolated.
Since these restarted jets have not propagated that far along the axis
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Figure 5. Maps showing the influence of spectral ageing. The cut-off frequency at the inlet of the jet is chosen to be ν∞ = 1 (in arbitrary units), whereas
the floor value of the cut-off frequency is chosen to be ν∞ = 1 × 10−18. Panel A: synchrotron map for νobs = 1 × 10−1 ν∞. Panel B: synchrotron map for
νobs = 1 × 10−2 ν∞. Panel C: synchrotron map for νobs = 1 × 10−18 ν∞. These three images created by using the N-Cooling model. Panel D: synchrotron
map for the N-tracer synchrotron model, with arbitrary frequency (no spectral ageing applies). The flux levels are Iν ∈ {1, 2, 4, 8, 16, 32, 64, 256} × Iν,min, with
Iν,min = Iν,max/256 and Iν,max = 1.
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Figure 6. Contributions coming from the various jet components in the case of purely entangled magnetic fields (so Λ = 1.0). Panel A: contribution to the total
synchrotron emission coming from the initial jet (jet 1 spine and sheath). Panel B: contribution to the total synchrotron emission coming from the restarted jet
(jet 2 spine and sheath). Panel C: contribution to the total synchrotron emission coming from the jet spine material (from jet 1 and 2). Panel D: contribution
coming from the jet sheath material (from jet 1 and 2). The flux levels are Iν ∈ {1, 2, 4, 8, 16, 32, 64, 256} × Iν,min, with Iν,min = Iν,max/256 and Iν,max = 1.
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of the system, the associated radio features are relatively compact,
much thinner, and the restarted jets are much more stable. This is
reflected in the image: the cocoon is localised near the jet axis and
more of the jet itself is visible.
Fig. 6 C shows the contribution of the jet spine material of
both the initial jets and the restarted jets to the total emission of the
synthesized maps. First of all, the radio features of the spine of the
restarted jet (shown here together with the spine of the initial jet)
seem somewhat thinner than panel B, where the full (spine+sheath)
restarted jet is shown. This indicates that the restarted jet maintains
its radial structure. For the initial jet, most of the lobe material is
not seen in this map, except for a small contribution to the total
emission in the outermost hotspots of the initial jets. This implies
that almost all of the radio structures of the initial jets is due to the
jet sheath material.
Looking at Fig. 6 D, this suspicion is confirmed. There, the
image shows the contribution of the jet sheath material of the ini-
tial jets and of the restarted jets. This image shows great similarities
with the image of the total emissivity, in fact, the radio structures of
the outer radio lobes is almost identical. It is clear that the bright-
ness contrasts of the inner jets differ from the brightness contrasts
in the map of the total emissivity: the inner jets seem to be less
continuous and the inner structures are less bright.
4.6 Effects of viewing angle
In Fig. 7 the effect of a changing viewing angle is shown. Panel
A shows a viewing angle of ϑ = −30◦; Panel B shows a viewing
angle of ϑ = −45◦; panel C shows a viewing angle of ϑ = −60◦;
and panel D shows a viewing angle of ϑ = −89◦ (so almost face
on, but still slightly tilted to break the symmetry between the NW
and SE jets).
The observed size of the DDRG Dobs is determined by the ac-
tual size of the source, DDDRG, multiplied by sinϑ, so the smaller
the viewing angle, the smaller the observed size of the source.
The viewing angle has an effect on two quantities, namely [1] the
Doppler factor and [2] the perpendicular magnetic field component
of an ordered magnetic field configuration. Below we only discuss
the effects of the viewing angle for jets with an entangled field con-
figuration. This means that a change in the features is completely
attributed to a change in the Doppler factor, assuming that the co-
herence length of the turbulent magnetic field is much smaller than
the scale corresponding to the resolution adopted in these images.
The observed synchrotron emissivity at a certain frequency
ν is very sensitive to variations in the velocity and viewing an-
gle through the Doppler factor, as given by (6). Since the in-
ner jets propagate through a much more dilute medium than the
outer jets, their jet-head advance speed (and therefore also advance
speed of the hotspots) is much larger. In our models we find for
the outer jet-head βhd1 ≈ 0.045, while for the inner jets we find
βhd2 ≈ 0.7, roughly a factor of 16 times larger (see SW2). These
values compare quite well to those inferred from observations, such
as J1835+6204 (see for example Konar et al. 2012). Based on these
values, we find that the Doppler factor of the approaching inner jet
is larger than that of the approaching outer jet for viewing angles
−65◦ < ϑ < 0◦. For −20◦ < ϑ < 0◦, the ratio of the Doppler
factor of the inner jet to that of the outer jet is even more than a fac-
tor of Din/Dout > 2. As a consequence the observed synchrotron
emission, which scales as D2+α, can be a factor of 5–10 times as
high as for the outer jets. As a result, when the source is tilted to-
ward the observer so that the viewing angle becomes smaller, the
synchrotron emission of the approaching inner jet is able to out-
shine its corresponding outer jet. This can best be seen in panel A
where ϑ = −30◦. There the SE2 (inner) jet is significantly Doppler
boosted, while the NW2 (inner) jet is so Doppler dimmed that it is
almost no longer visible. Moreover, both the (outer) NW1 and SE1
jets are very weak compared to, and are outshined by, the SE2 jet.
The brightness contrast between the outer NW1 and SE1 jets
is not that big, which implies that the Doppler (de-)boosting is not
strong for these jets. In fact, close examination shows that the NW1
hotspot is actually brighter than the SE1 jet. This can only be ex-
plained by the effect of the Doppler factor associated with the back-
flowing material in the cocoon of the receding jet. This opens the
possibility that a telescope with a limited dynamic range does not
observe the outer hotspots or radio features of a DDRG at all if the
viewing angle of that source is too small.
The general effects of the Doppler (de-)boosting on the mor-
phology of the DDRG is observed at a wide range of viewing an-
gles. Its effect becomes less strong for viewing angles near ±90◦.
At ϑ = −45◦ the outer and inner jets are still completely discon-
nected, but at ϑ = −60◦ the outer NW1 contour encloses the NW2
jet. With large viewing angles both inner jets are enclosed by their
outer counterparts, as can be seen in panel D.
4.7 Comparing different stages of evolution
The jet-head advance speed of the restarted jets is much higher than
that of the initial jets. In fact, the restarted jets only reside within the
outer cocoon for a small fraction of time, compared to the age of the
source. In Fig. 8, we show a few important phases of the evolution
of a DDRG. Panel A shows the DDRG at a time of 16.0 Myr, where
the initial jets have been switched off for approximately 7 × 105
years. The hotspots are still being fed by the initial jets that have not
yet dissipated. This observation was also made in the previous pa-
per SW2, where a clear tail of jet material with Lorentz factor well
above 1 could be seen. Even though the tails of the jets have moved
outwards compared to the central engine, radio features are still
visible close to the central engine. At 16.0 Myr, the restarted jets
are injected and the inner jets propagate through the cocoon of the
initial jets, while the leftover initial jets still feed the outer hotspots.
This phase continues until the tails of the initial jets reach the outer
hotspots, when a new phase starts: In panel B, the DDRG is shown
at a time of 16.65 Myr, just after the initial jets have dissipated and
the outer hotspots are no longer fed by jet material. The outer co-
coon is still clearly visible, but its brightness weakens as the system
expands adiabatically. At a certain point the restarted jets will reach
the edge of the outer cocoon. This boundary of the outer cocoon is
a relatively thick shell (whose density can be a factor > 4 more
than that of the undisturbed intergalactic medium). This means that
as soon as the restarted jets start to interact with the outer cocoon a
very strong termination shock forms. At this point, all other radio
features that are contained within the cocoon are outshined by the
newly formed termination shocks and only two very bright hotspots
will be visible. This situation is shown in panel C of Fig. 8 at a time
of 18.0 Myr. Because the shell of the (outer) cocoon is so dense, it
takes the inner jets quite a long time to completely penetrate them,
in our simulations approximately 7 × 105 years. The back-flow of
jet material in this phase is also relatively strong. Panel D shows the
system at 18.7 Myr, just after the restarted jets have just penetrated
the outer cocoon.
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Figure 7. Influence of viewing angle, Doppler factor in the case of purely entangled magnetic fields (so Λ = 1.0). Viewing angles from Panel A to D:
-30◦, -45◦,-60◦, -89◦. In this convention, a viewing angle between -90 degrees and 0 degrees correspond to the lower part of the jet pointing towards the
observer. For 0 degrees, the jets are aligned with the line of sight and for 90 degrees, the jets are perpendicular to the line of sight. The flux levels are
Iν ∈ {1, 2, 4, 8, 16, 32, 64, 256} × Iν,min, with Iν,min = Iν,max/256 and Iν,max = 1.
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Figure 8. The isochoric jet model A2 shown at various stages during the evolution. Panel A: first jet at 16.0 Myr, just before the second jet is turned on.
Panel B: 16.65 Myr, shortly after the outer hotspots are no longer fed by the first jets. Panel C: second jets at 18.0 Myr, just before the second jets will
encounter the shell of the outer cocoon. Panel D: second jets at 18.7 Myr, shortly after the second jets have broken out of the outer cocoon. The flux levels are
Iν ∈ {1, 2, 4, 8, 16, 32, 64, 256} × Iν,min, with Iν,min = Iν,max/256 and Iν,max = 1.
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4.8 Differential light travel times
The synthesized maps shown here do not take account of (differ-
ential) light travel time effects between the source and a distant
observer, which affect the appearance of the source for such an ob-
server. When the jets from a radio galaxy have a viewing angle
ϑ , 90◦, the distance from the observer to the advancing jet-head
(La) is less then the distance from the observer to the receding jet-
head (Lr). The distance from Earth to an extra-galactic radio galaxy
(Ds) is always much larger than the jet length (Djt). Then the differ-
ence in light travel time to the observer for the advancing and the
receding jet-head equals:
∆t ∝ Lr − La
c
≈ 2Djt cosϑ
c
, (12)
where we have assumed that the advancing jet and the receding
jet have equal length. This means that at a given moment of ob-
servation the recorded image of the jets becomes “progressively
younger” if one moves from the receding hotspot towards the ap-
proaching hotspot. This is not included in our model. When view-
ing the synthesized synchrotron maps in this paper, one should bare
in mind that the receding jet will appear younger (and therefore
shorter) in reality. Almost all the synthesized synchrotron maps
that we show assume a viewing angle of ϑ = −71◦. The distance
from the outer jet-heads to the AGN have an approximate size of
Djt1 ≈ 300 kpc, while for the inner jet-heads we find Djt2 ≈ 90 kpc.
Then the maximum time difference (∆t) per age of the AGN (ts) for
the outer- and inner jet-heads respectively equals:
∆t
ts
≈ 2 cos (−71
◦) Djt1
c ts1
≈ 4 per cent , (13)
∆t
ts
≈ 2 cos (−71
◦) Djt2
c ts2
≈ 32 per cent , (14)
so that our neglect of the differential light travel effects for the inner
jets should in reality be improved upon. We refer the reader to SW2,
Fig. 3 for detailed information on the position of the jet-head of the
first and the second jet, corresponding to the jet-length Djt1 and Djt2 .
5 CONCLUSIONS
In this paper we have used the simulations of three different jet
models in order to synthesize synchrotron radiation images at radio
frequencies for double-double radio galaxies (DDRGs). As a refer-
ence source, we have chosen the DDRG J1835+6204 to compare
our results with. The jet models are the homogeneous jet H2; the
isothermal jet I2; and the (piecewise) isochoric jet A2. In order to
calculate the emissivity at frequency ν, we calculated the Doppler
factor; the (space-time dependent part of the) relativistic particle
distributionN ; and the magnitude of the magnetic field component
perpendicular to the line of sight B⊥. We performed pure hydro-
dynamical simulations, and therefore approximated the (ordered,
entangled, or mixed) magnetic fields. While this clearly is an ap-
proximation, it allowed us to explore the effect of field line geome-
try on the radio images. In this work we have studied the effects on
the brightness contrasts of the synthesized synchrotron images of:
1 the radial profiles of the three jet models H2, I2 and A2;
2 the various magnetic field configurations;
3 spectral ageing from synchrotron cooling;
4 contributions from jet components (θsp1 , θsh1 , θsp2 , θsh2 );
5 the viewing angle of the jets;
6 the various epochs (phases) of the evolution of a DDRG.
We find the following conclusions:
(i) In all cases (where entangled magnetic fields are involved) the
synthesized synchrotron images show two clear (pairs of) hotspots
at 8 kpc resolution (corresponding to a VLA radio observation at
4.8 GHz, and average beam size of 1.4”): The outer hotspots from
the first (initial) jets, NW1 and SE1, and the inner hotspots from
the second (restarted) jets, NW2 and SE2, and therefore satisfying
the condition for a DDRG;
(ii) In all cases the expected effects of Doppler boosting/dimming
are confirmed: we find that for jets that are approaching the ob-
server, the associated hotspots and other radio features along its
jet axis are Doppler boosted (brightened), whereas for the jets
that are receding, these same radio features are Doppler deboosted
(dimmed). Notably, the opposite behaviour in the back-flowing ma-
terial can also clearly be seen;
(iii) For the observed DDRG J1835+6204 at 8 kpc resolution and
4.8 GHz, we find the closest resemblance to the observations with
the (piecewise) isochoric jet model A2. That model generates syn-
thesized synchrotron images consistent with J1835+6204, due to
its relatively low radial jet integrity;
(iv) We find that the synchrotron radiation that is generated by the
ordered magnetic fields appears as a small number of knots along
the jet axis, in the direct vicinity of internal shocks, or just before
the Mach disc of the jet-heads. When assuming a mix of entan-
gled magnetic fields and ordered magnetic fields, we notice a shift
in brightness contrasts. When the magnetic pressure of the ordered
fields become significant (& 50 per cent of the total magnetic pres-
sure), details of the cocoon start to fade in the synthesized images.
We get the best resemblance with the observation of J1835+6204
when the magnetic pressure of the ordered fields is small compared
to the total magnetic pressure (. 30 per cent, so Λ & 0.7);
(v) The effect of spectral ageing by synchrotron cooling becomes
apparent at observation frequencies νobs/ν∞,0 & 10−6, and becomes
significant at frequencies νobs/ν∞,0 & 10−3, where ν∞,0 ≡ 1 denotes
the cut-off frequency of the relativistic particle population at jet in-
let. For J1835+6204 this cut-off frequency is approximately ν∞ ≈
3.1 · 105 MHz. The most notable effect of spectral ageing in the
synthesized synchrotron images is the fading of the cocoon. At rela-
tively very high observation frequencies νobs/ν∞,0 & 10−1 the effects
of spectral ageing becomes so strong that also the outer hotspots of
the jets NW1 and SE1 will vanish in the synchrotron maps. Taking
the cut-off frequency for J1835+6204, this would then occur at an
observation frequency of νobs ∼ 3 · 101 GHz.
(vi) We are able to separate the contributions in synchrotron radi-
ation coming from the different jet components (the spine material,
or the sheath material from the first jet, and equivalently for the sec-
ond jet). We find that the first jets create a wide cocoon. The second
jets create a very thin cocoon. The bow shock of disturbed mate-
rial within the outer cocoon, which is pushed by the second jets is
also quite bright, so that the inner hotspots also partially lightened
up by the left-over material from the first jets. Finally we find that
the contribution from jet spine material remains very close to the
jet axis, while the contribution from the jet sheath material comes
from both the jet and the surrounding cocoon.
(vii) The viewing angle has a strong effect on the observed size
of the source, as well as the Doppler boosting/dimming of the jets.
The Doppler effect is strongest for the inner jets, due to the fact that
the jet-head advance speed of the inner jets (∼ 0.7c) is higher than
that of the remaining outer jets (∼ 0.045c). When the viewing angle
ϑ ∼ −30◦, the approaching inner jet is brightest, while the receding
inner jet has virtually faded completely. Also the outer jets have
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almost faded completely. For even smaller viewing angles all that
remains in the synthesized image will be the approaching inner jet:
A DDRG structure would no longer be recognisable.
(viii) The time it takes for the first jet to fade after the central engine
has turned off is small compared to the life time of the radio source.
Therefore, the chance of detecting an episodic AGN jet radio source
as an actual DDRG is small: the second jets must be turned on
again well before the first jets have completely faded. Within a few
hundred thousand years the radio morphology of the source would
look completely different. We find that when the restarted jets start
to penetrate the cocoon that was left behind by the first jets nearly
all that is visible are the termination shocks at the jet-heads. It is at
this point that a strong back flow begins to form again, and more of
the cocoon structure will arise again.
5.1 Outlook
From the results we’ve been able to derive contributions from
magnetic field components for the entangled, the azimuthal, the
poloidal and the helical, and the mixed magnetic field configura-
tions. In order to do so, we had to make the necessary approx-
imations and assumptions. Adding actual magnetic fields to this
model (switch to a full MHD module) would be a valuable con-
tribution. Such SRMHD simulations would also allow for a more
self-consistent quantification of the measured polarization. A few
more aspects are mentioned in this outlook, to be considered for
future work.
5.1.1 Inverse-Compton losses
When discussing spectral ageing, we ignored the potential influ-
ence of Inverse-Compton losses, which is likely a significant con-
tributor to radiative losses. Hardcastle (2018) discusses a semi-
analytical model for the evolution of powerful radio galaxies, where
trends between jet power and luminosity are reproduced. Inverse
Compton losses arise from scattering of the Cosmic Microwave
Background, whose radiation field energy density is about Urad ≈
4.17 × 10−13(1 + z)4 erg/cm3 in intergalactic space at redshift z. In
practice, this would imply that our energy loss formulae must re-
place the magnetic field with an effective field:
B2eff
8pi
=
B2
8pi
+ Urad . (15)
At the same time, the synchrotron emission must still employ the
actual field pressure B2/8pi. Since this in practice introduces yet
another degree of freedom when generating radio maps from our
SRHD simulations, we did not incorporate this effect here. In fu-
ture SRMHD runs, where the B2/8pi is self-consistently computed,
these losses should be considered too.
5.1.2 Dimensionality of the simulations
These simulations have been performed in a 2.5D (cylindrical sym-
metric) setting. Many observed features give a good notion on the
processes at hand. However, in a full 3D setting the jet flow, as
well as the back-flowing material are able to effectively propagate
in one extra dimension. This causes a less symmetrical flow and al-
lows for more instabilities to arise. For example, eddies (vortices)
that form at the jet-head in the back-flowing material in the 2.5D
case all have approximately the same size and show similar flow-
ing behaviour. They propagate downwards relatively steady along
the jet-axis, away from the jet-head. In a 3D case, these eddies will
most likely have different shapes and not form with the same de-
gree of symmetry as that imposed in a 2.5D setting. Moreover, it
is to be expected that the jet axis itself will begin to wobble under
the influences of instabilities, instead of being a perfectly straight
line. This will inevitably have an effect on the jet-cocoon interac-
tion, the related jet pinches and internal shocks, which in turn all
have an effect on the related observed radio features. Therefore, the
results should be interpreted with some caution. The advantage of
performing 2.5D simulations compared to 3D simulations is that
we are able to resolve radio structures in much more detail, while
being able to let the jets evolve on a very large scale.
5.1.3 Renewed injection of non-thermal particles
In this work we have not involved the injection of a fresh non-
thermal particle population at internal shocks, or at the termination
shock of the jets. If these fresh injections were to be implemented,
the brightness contrasts within the synthesized images would of
course change. The effect of injecting fresh relativistic particles
will, however, become most apparent at those frequencies were
spectral ageing has already played a significant role. A realistic im-
plementation of the injection of fresh populations of relativistic par-
ticles would require an observational study of particle populations
near internal shocks and the termination shock.
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APPENDIX A:
A1 Advecting a populations of relativistic leptons: adiabatic
limit
In this Appendix we briefly consider the transport equation for rel-
ativistic leptons (electrons and/or positrons) in a relativistic flow.
The basic assumption is that leptons are advected passively, with
negligible diffusion with respect to the flow. This implies strong
collisional coupling between the bulk flow and the population of
leptons, mediated by scattering due to low-frequency MHD waves.
In this situation the leptons change their energy: they lose energy
due to radiation losses (mostly synchrotron losses) and expansion
losses, and can gain energy if the flow is compressed. Notation-
wise we follow the main paper: ′ =
√|p′|2 + m2e is the particle en-
ergy in the local fluid rest frame (FRF) (i.e. comoving energy), in
units where c = 1 (which we will assume in the appendices from
this point on), and where me is the electron rest-mass. Quite gener-
ally we will employ primes to denote quantities measured in the lo-
cal fluid rest frame. We employ (following Achterberg & Norman
2018) mixed phase-space variables, where particle momentum is
measured in the FRF, but space-time position xµ = (r , t) is mea-
sured in the laboratory frame (observer’s frame). Neglecting the
effects of diffusion with respect to the flow and viscous heating of
the leptons the proper particle number density per unit comoving
energy in mixed variables,
N′ (r , t) = N(r , t , ′) ≡
dn′
d′
(A1)
satisfies, neglecting radiation losses for now as well as the possible
injection of fresh leptons,
∂
∂xµ
(
Uµ N′
)
− ∂
∂′
[
′
3
(∇ · U) N′
]
= 0 . (A2)
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We employ a covariant notation for the four-divergence of the
plasma flow:
∇ · U ≡ ∂U
µ
∂xµ
=
∂γ
∂t
+ ∇ · U , (A3)
with four-velocity Uµ = (γ,U) whereU = γV and γ = 1/
√
1 − |V|2
the bulk flow Lorentz factor. The second term on the left-hand side
of (A2) describes the energy change due to expansion losses (or
compression gains), c.f. Webb (1985) and Achterberg & Norman
(2018), Eqn. 8.95:
d′
dτ
= − 
′
3
(∇ · U) = − 
′
3
(
∂γ
∂t
+ ∇ · U
)
. (A4)
Here
d
dτ
= Uµ
∂
∂xµ
= γ
(
∂
∂t
+ (V · ∇)
)
≡ γ d
dt
(A5)
is the covariant comoving derivative in the bulk flow. Mass conser-
vation in the bulk flow with lab frame density ρ = γρ′ reads
∂ρ
∂t
+ ∇ · (ρ V) = ∂(γ ρ
′)
∂t
+ ∇ · (ρ′ U) = 0 , (A6)
or equivalently
1
ρ′
dρ′
dt
= −
(
1
γ
dγ
dt
+ ∇ · V
)
. (A7)
For a power-law distribution in comoving energy of the form
N′ = N(r , t) (′)−s , (A8)
the transport equation can be written as
γ
dN
dt
+
(
s + 2
3
) (
∂γ
∂t
+ ∇ · U
)
N = 0 . (A9)
Then Eqn. (A7) for the proper plasma density ρ′ implies:
N = N0
(
ρ′
ρ′0
)(s+2)/3
∝ (ρ′)(s+2)/3 , (A10)
withN0(r, t) and ρ′0(r, t) corresponding to the values at position r0
at time t0. This is a good approximation for those energies well be-
low the energy where the synchrotron break in the spectrum occurs
and synchrotron losses need to be taken into account.
For ultra-relativistic particles the energy density in the plasma rest-
frame, which we denote simply byW, equals
W(r , t) = 3P(r , t) =
∫ ∞
0
d′ ′ N(r , t , ′) . (A11)
Here P(r , t) is the pressure. Multiplying transport equation (A2)
by ′ and then integrating over plasma rest-frame particle energy ′
yields, after a partial integration:
∂
∂xµ
(UµW) + (∇ · U)
3
W = 0 . (A12)
This can be written as
γ
dW
dt
+
4
3
(
∂γ
∂t
+ ∇ · U
)
W = 0 , (A13)
or equivalently
dP
dτ
= −4
3
P (∇ · U) , (A14)
With density relation (A7) this implies that
W , P ∝ (ρ′)4/3 , (A15)
the usual relation for an ideal, adiabatic and relativistically hot gas.
A2 The N-Tracer model
In the simulations presented in the main paper we assume that each
jet component (i.e. jet spine 1, jet sheath 1, . . . ) has its own pop-
ulation of relativistic particles. Each jet component ‘A’ is given a
separate tracer θ′A(r , t) (also measured in the plasma rest-frame).
In the numerical simulations that are used in this paper, the tracer
values of the individual jet component in a certain grid cell ri at a
time t represents the mass fraction of that jet component (see SW1
or SW2). In other words, the mass density of jet component A is
calculated according to ρ′A(r , t) = θ
′
A(r , t) ρ
′(r , t). In particular,
θ′A = 0 in a certain grid cell means that jet component A is absent in
that grid cell, whereas θ′A = 1 means that the material inside the cell
purely consists of jet component A. Values in between 0 < θ′A < 1
indicate that the grid cell consists of multiple components. There-
fore it is reasonable to assume that the relativistic particle distribu-
tionNA, for a jet component A, with mass fraction (or tracer value)
θ′A in a grid cell r at time t can be scaled with the bulk mass density
ρ according to:
NA ∝ NA0
(
ρ′A
ρ′A0
) s+2
3
= NA0
(
θ′A ρ
′
ρ′A0
) s+2
3
, (A16)
neglecting the effects of synchrotron cooling, and with NA0(r , t)
and ρA0(r , t) the number density and mass density of the relativistic
particles of jet component A at the injection site (the jet inlet). The
total synchrotron emissivity as a result of all the jet components
A is the sum of the synchrotron emissivities of the individual jet
components. In this way, we finally end up with:
jν = ΣA jν,A ∝ ΣA D2+αNA (B′⊥)α+1 (ν)−α . (A17)
Here α is the usual spectral spectral index of optically thin syn-
chrotron radiation, related to the slope s of the electron distribution
by α = (s − 1)/2, c.f. Rybicki & Lightman (1986).
A3 The N-Cooling model
In the previous section we calculated the distribution N(r , t) of
the relativistic electrons for the case that synchrotron losses can be
neglected. This distribution can also be derived for the case that
synchrotron losses are included (for a full derivation, see Camus
2009, Section 4.3.4). In short the derivation goes as follows:
It is generally believed that electrons are accelerated when
crossing (strong) shocks. Therefore, a shock is assumed to be the
injection site of a relativistic particle population. After crossing
the shock, the energy evolution of a single particle moving along
stream lines (of the post-shock plasma) can be written as:
d
dt
{ln(′)} = d
dt
{
ln[(n′)
1
3 ]
}
+
1
′
(d′sy
dt
)
, (A18)
the sum of adiabatic losses (the first term on the right hand side)
and radiative energy losses (the second term), and n′(r , t) is the
proper number density of the relativistic leptons, defined as
n′(r , t) =
∫ ∞
0
d′ N′ (r , t) . (A19)
The adiabatic loss term uses that n′(r , t) satisfies (away from
shocks)
∂
∂xµ
(Uµ n′(r , t)) = 0 , (A20)
which follows straightforwardly from an integration over comoving
energy ′ of Eqn. (A2). This equation, together with Eqn. (A4) for
the adiabatic energy loss rate, implies
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1
′
d′
dτ
)
ad
= − 13 (∇ · U) = 13
(
1
n′
dn′
dτ
)
. (A21)
When the relativistic electron moves in a local FRF magnetic field
B′, the energy loss due to synchrotron emission is:(
d′
dt
)
sy
= −βsy(B′)2(′)2 , (A22)
where βsy = 2e4/3m2e with e the unit of electric charge and me the
electron mass, using c = 1 as before.
Substituting (A22) into (A18), one can rewrite (A18) as:
d
dt
{
ln
[
′
(n′e)1/3
]}
= −βsy(B′)2(n′)1/3
[
′
(n′)1/3
]
. (A23)
The solution, obtained by time-integration, is
1
˜′(t)
− 1˜′(t0)
=
∫ t
t0
dt′ βsy (B′)2 (n′)1/3 ≡ 1˜′∞(t)
. (A24)
Here define ˜′(r , t) ≡ ′(r , t)/[n′(r , t)]1/3. Also, t0 corresponds
to the time of injection of the particles at the jet inlet. Relation
(A24) defines the quantity ′∞(t) = [n
′(t)]1/3 ˜′∞(t), the energy where
synchrotron losses modify the spectrum. Note that (by definition)
′∞ = ∞ at t = t0. We can solve for the corresponding energy ′(t)
(for t > t0):
′(t) =
′0 
′
∞(t)
[
n′(t)
]1/3
′0
[
n′(t)
]1/3
+ ′∞(t)
[
n′0
]1/3 . (A25)
Here n′0 = n
′(r0 , t0) and ′0 = 
′(r0 , t0). Note that ′(t) 6 ′0, as
expected, when the jet expands so that n′ 6 n′0.
In this work, the relativistic particles are only injected at the jet
inlet: no fresh relativistic particles are injected anywhere along the
flow. Since the jet expands globally as one moves along the jet axis
towards the jet-head, there will be mainly energy losses (except for
local turbulence, or near shocks where, locally, ∇ · V < 0). This
determines the energy distribution of the relativistic leptons. Let us
define the normalized distribution function f (′ , r , t) by
f (′ , r , t) =
N′ (r , t)
n′(r , t)
⇐⇒
∫ ∞
0
d′ f (′ , r , t) = 1 . (A26)
We assume f (′ , r , t) to satisfy the following initial condition at
injection (power-law injection):
f (′0 , r0 , t0) = κ (
′
0)
−s , (A27)
with κ some constant that ensures the proper normalization of
f (′0 , r0 , t0). Conservation of the number of particles, thereby pre-
serving the unit normalization of f (′ , r , t), leads to:
f (′, r, t) = f (′0, r0, t0)
(
d′
d′0
)−1
= f (′0, r0, t0)
(
′
′0
)−2 ( n′
n′0
)1/3
.(A28)
The second equality follows straightforwardly from relation (A25)
which yields d′/d′0 =
(
′/′0
)2 (
n′/n′0
)−1/3
. Adopting (A27) for
f (′0 , r0 , t0) we find:
f (′ , r , t) = κ (′)−s
(
′
′0
)s−2 ( n′
n′0
)1/3
. (A29)
Definition (A26) then gives
N′ (r , t) = n′ f (′ , r , t) = n′0 κ (′)−s
(
′
′0
)s−2 ( n′
n′0
)4/3
. (A30)
The two factors involving ′/′0 and n
′/n′0 give how much the spec-
trum is depressed with respect to the original power law (as obser-
vations show that s = 2α+1 > 2 for most optically thin synchrotron
emission) by the combined action of expansion and energy losses.
Using that relation (A25) can be manipulated into
′
′0
=
(
n′
n′0
)1/3 (
1 − 
′
′∞
)
, (A31)
which incidentally shows that the spectrum must cut off at ′ = ′∞,
one can write N′ (r , t) as
N′ (r , t) = n′0 κ (′)−s
(
n′
n′0
)(s+2)/3 (
1 − 
′
′∞
)s−2
. (A32)
A4 Implementation in the numerical code
In order to calculate N′ (r , t), we need to determine the values of
the relativistic proper number density n′(r , t); its value at the time
of injection n′e 0(r , t); the particle energy 
′(r , t) and the cut-off
energy ′∞(r , t). In SW1 it is discussed how a number of hydrody-
namical quantities, such as the particle energy ′ are calculated by
the code MPI-AMRVAC. By adding three additional transport equa-
tions to this system, it is possible to also calculate the other three
quantities n′(r , t), n′e 0(r , t) and 
′
∞(r , t). These additional transport
equations, in conservative form, are:
∇µ (n′ Uµ) = 0 , (A33)
∇µ (n′ n′0 Uµ) = 0 , (A34)
which is equivalent with Uµ∇µn′0 = 0 because of Eqn. (A33), and
∇µ
[
′∞ (n
′)2/3 Uµ
]
= −β˜sy (B′)2 (′∞)2 (n′)2/3 , (A35)
with β˜sy = 2/3 βsy. For more details see for example Camus et al.
(2009) or Camus (2009), Eq. 4.102 – 4.103.
Finally, the synchrotron frequency ν′ of a particle with energy ′,
which moves along a magnetic field B′ scales as:
ν′ ∝ B′⊥ (′)2 , (A36)
Using this result, we end up with the synchrotron frequency depen-
dent version of the particle distribution:
N ∝ N0
(
n′e
n′e 0
) s+2
3
1 −
√
ν′
ν′∞

s−2
. (A37)
When we compare this particle distribution to that of the
N-Tracer model (A10), we notice the following: In case of the
N-Tracer model, we assume that the population of relativistic par-
ticles is directly proportional to the mass-density of the proton gas,
n′e(r , t) ∝ ρ′(r , t) and that this proportionality remains constant.
The exact value of this proportionality constant does not play a
role in the particle distribution, since this constant is divided out.
Therefore, the quantities ρ′(r , t) and ρ′0(r , t) in (A10) can simply
be replaced by n′e(r , t) and n′e 0(r , t), as in (A37). Then, it can be
easily seen that for frequencies well below the cut-off frequency
ν′ << ν′∞ this particle distribution, and the particle distribution of
the N-Tracer model (A10) converge, as they should. However, the
N-Tracer model allows us to study the emissivity due to (any com-
bination of) the individual jet components at low energies, whereas
the N-Cooling model allows us to study the emissivity at all fre-
quencies below the cut-off frequency for the full jet.
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APPENDIX B: MAGNETIC PRESSURE FROM GAS
PRESSURE
The simulations in this paper are hydrodynamical, employing a
one-fluid approximation characterized by a single density ρ, pres-
sure Pgas and velocity V. 1 The bulk density in a certain grid cell is
the sum of all separate (jet + ambient medium) components, which
allows us to consider the bulk gas pressure Pgas as the sum of its
partial contributions:
Pgas = Pam + Pjt =
ρRT
µ
=
RT
µ
(
ρam + ρjt
)
. (B1)
Here R is the gas constant and µ is the mass of the particles in
units of hydrogen mass. The subscript “am” refers to the ambient
medium and “jt” refers to jet material. In this approximation, we
make use of the assumption that all components within a single
grid cell have equal temperature T ∝ Pgas/ρ. The pressure of the jet
material is taken to be the sum of its individual components:
Pjt =
RT
µ
ρjt =
ρRT
µ
ΣAθA = Pgas ΣAθA ≡ ΣAPA , (B2)
where we used the fact that ρjt = ρ ΣAθA = ρ θjt, with θjt being the
sum of all jet component mass fractions within a certain grid cell.
Under these assumptions one finds that in the one-fluid approxima-
tion, the contribution of jet component A to the total pressure in a
certain grid cell is equal to PA(r, t) = θA(r, t) Pgas(r, t).
Next we consider the time evolution of the gas pressure. For an
ultra-relativistic gas, the result is already given by Eqn. (A14). In
general, the gas pressure satisfies an equation of state P ∝ ρΓ and
satisfies
dP
dτ
= −Γ P (∇ · U) , (B3)
where Γ is the adiabatic (or polytropic) index of the (one-fluid ap-
proximation) gas. For a non-relativistic cold gas Γ = 5/3, and for
an ultra-relativistic gas Γ = 4/3. For a gas that is in an intermedi-
ate phase, an effective polytropic index Γeff(P , ρ) can be defined.
In our simulations we make use of the Mathews approximation of
the Synge equation of state (see for example Synge 1957; Blumen-
thal & Mathews 1976 or Goedbloed, Keppens & Poedts 2019 ). In
this approximation, the adiabatic index is dependent on the particle
energy and varies between 4/3 < Γeff < 5/3 (see SW1 for more
details).
Now consider a magnetic field B = B(r , t), with field strength
B ≡ |B|, and unit vector bˆ = B/B along the magnetic field. In
the case of ideal MHD, the time evolution of the magnetic pres-
sure PM = B2/8pi for a regular flow with relativistic velocity field
U(r , t) = γ(r , t)V(r , t) can be written as (which can easily be seen
from Achterberg & Norman 2018, Eqn. 6.71):
dPM
dτ
= γ
dPM
dt
= 2(γ+1)PM
[
bˆbˆ : ∇˜
(
U
γ + 1
)
− ∇˜ ·
(
U
γ + 1
)]
.(B4)
The double contraction in this relation is
bˆbˆ : ∇˜
(
U
γ + 1
)
≡
[(
bˆ · ∇˜
) ( U
γ + 1
)]
· bˆ , (B5)
The operator ∇˜ stands for the fluid rest-frame gradient operator, ex-
pressed via the Lorentz transformation between the fluid rest frame
1 In this section we refrain from writing the apostrophe for quantities mea-
sured in the fluid rest frame. This applies to the pressure P, the magnetic
field B (and related quantities) as well as the proper density ρ.
and oberver’s frame in the observer-frame time derivative and spa-
tial derivatives:
∇˜ ≡ ∇ + U
(
∂
∂t
+
(U · ∇)
γ + 1
)
. (B6)
In general, (B3) and (B4) do not have the same form, and a simple
relationship between the gas- and magnetic pressure is not avail-
able. However, if the field is isotropically turbulent (entangled) on
small scales, the following relation holds:
< bib j > =
δi j
3
, (B7)
Here the average < · · · > is a spatial average over a small volume
with a linear size much smaller than the size of the system. In this
case one has〈
bˆbˆ : ∇˜
(
U
γ + 1
)〉
' 1
3
∇˜ ·
(
U
γ + 1
)
. (B8)
With this approximation the time evolution of the magnetic pres-
sure collapses to
dPM
dτ
= − 43 PM
[
(γ + 1) ∇˜ ·
(
U
γ + 1
)]
= − 43 PM (∇ · U) , (B9)
Here we use the relation (γ+1)∇˜ · [ U/(γ + 1) ] = ∂γ/∂t +∇ · U =
∇ · U. Comparing this with relation (B3) one sees that the magnetic
pressure behaves as an ultra-relativistic gas with polytropic index
ΓM = 4/3. One concludes that the magnetic pressure scales as
P′M ∝ (ρ′)4/3 ∝ (n′e)4/3 , (B10)
where we re-instated the apostrophe notation for quantities in the
fluid rest frame. The ratio of the gas pressure to the magnetic pres-
sure (the so-called plasma beta) scales as
P′gas
P′M
≡ βp ∝ (ρ′)Γ−4/3 . (B11)
When the gas is relativistically hot (Γ = 4/3), the plasma beta be-
comes a constant. The energy of the system will be minimized in
the case where βp is close to unity. In that case there is equipartition
between the gas pressure and the pressure stored in the magnetic
field. This assumption is often made when trying to get an esti-
mate on the magnetic field strength. However, in our simulations
the plasma beta will still be weakly dependent on the energy den-
sity of the gas through the effective polytropic index Γ of the gas.
Finally, we make the assumption that there is no magnetic field
present in the ambient intergalactic medium. In that case, the mag-
netic pressure and magnetic field strength B′ in the simulations will
be completely determined by the jet gas pressure according to:
P′M =
(B′)2
8pi
∝ P′jt (ρ′)4/3−Γeff =
[
P′gas ΣAθ
′
A
]
(ρ′)4/3−Γeff . (B12)
The quantities P′gas, θ
′
A, ρ
′ are all calculated by the code, and the ef-
fective polytropic index Γeff is determined at any point in time and
space during the simulation. Then using the assumption of an en-
tangled field will allow us to get a detailed estimate of the magnetic
pressure at any point and time in the flow.
APPENDIX C: MAGNETIC FIELD CONFIGURATION
AND PROJECTION EFFECTS
As shown in the previous section, we can approximate the mag-
netic pressure for an isotropically entangled magnetic field through
the gas pressure, tracer values, mass density and adiabatic index
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of the jet components. In the remainder of this section, we expand
our synchrotron emission model further by taking into account the
effect of large-scale (ordered) magnetic fields within the jets. With
the ordered fields, projection effects come into play, as shown in
the following sections.
C1 Perpendicular magnetic field component
As mentioned earlier, the magnitude of the synchrotron emissivity
depends on B′⊥, the absolute value of the magnetic field component
perpendicular to the particle’s velocity in the plasma rest-frame.
Therefore, the contribution to the synchrotron emission from rela-
tivistic particles spiralling around a magnetic field B′ in the plasma
rest-frame, in a direction n′ (the unit vector along the line of sight,
as measured in the plasma rest-frame) will be determined by the
cross-product of B′ and n′, in other words:
B′⊥ = |B′ × n′| = |B′|
√
1 − (b′ · n′)2 , (C1)
where b′ is the unit vector pointing in the direction of B′ and
B′ = |B′| = √B′ · B′. Now consider a photon that is emitted in
a direction n′ in the plasma rest-frame. When this photon reaches
the observer, it appears to have been emitted from a different di-
rection n, an effect caused by general Lorentz transformations on
vectors. It can be shown that the relation between n′ and n is given
by (see for example Camus 2009, Eq. 4.37):
n′ = D
[
n +
(
n · β
V2
(γ − 1) − γ
)
β
]
, (C2)
and this can be rewritten as:
n′ = D n − (D + 1) γ
γ + 1
β , (C3)
with as before β the bulk 3-velocity of the plasma in units of c;
γ the Lorentz factor and D the Doppler factor. So in a HD sim-
ulation, by assuming a certain magnetic field configuration in the
plasma rest-frame B′ and choosing a line of sight n, one can al-
ways calculate the contribution to the synchrotron emissivity from
the perpendicular magnetic field component B′⊥ by combining (C1)
and (C3).
In this paper we use 2.5D simulations, where the jets are in-
jected along the Z-direction and the jets are axisymmetrical in the
azimuthal (φ-)direction. Since the simulations are axisymmetrical,
the line of sight can simply be chosen by one free parameter: the
viewing angle ϑ = ∠(eˆZ , n). The line of sight vector can in general
be written as:
n = (sin(ϑ) cos(ϕ0), sin(ϑ) sin(ϕ0), cos(ϑ)) . (C4)
The choice for ϕ0 in this case, however, is arbitrary and we take this
to be ϕ0 = 0. Then the line of sight vector simplifies to:
n = (sin(ϑ), 0, cos(ϑ)) . (C5)
In the following sections we will discuss the magnetic field con-
figurations that we consider for our synthesized synchrotron maps.
Since we are focussing on intensity variation maps, the exact scale
is arbitrary. This allows us to set the imposed magnetic field in the
plasma rest-frame B′ to order unity at the jet inlet.
C2 Isotropically entangled field configuration
A very entangled magnetic field, on a larger scale does not have
a preferable direction. That means that the magnitude of the per-
pendicular magnetic field component B′⊥ is not dependent on the
viewing angle ϑ, so there are no projection effects. We find for the
perpendicular component of the entangled field:
(b′⊥,ent)
2 ∝ ∣∣∣b′ent × n′∣∣∣2 = (b′ent)2 (1 − (n′ · b′ent)2) = 1−(n′ · b′ent)2.(C6)
Since the field is isotropically entangled, equation (B7) applies:〈
(n′ · b′ent)2
〉
= (n′)i(n′) j
〈
b′ib
′
j
〉
=
1
3
, (C7)
so that averaging the magnetic field squared on a large enough vol-
ume one finds:〈
(b′⊥,ent)
2
〉
= 1 − 〈n′ · b′ent〉2 = 23 . (C8)
Making use of our earlier result for the magnetic pressure (B12),
we find for the magnitude of the perpendicular field component of
the entangled magnetic field:
(B′⊥,ent)
2 ∝ 2
3
P′gas (ρ
′)
4−3Γ
3 ΣAθ
′
A . (C9)
When the magnetic field configuration is assumed to be purely
(isotropically) entangled, the factor 2/3 can be dropped immedi-
ately, since we are merely studying the intensity variations of the
synchrotron emission. However, when apart from the entangled
field, additional ordered field configurations are assumed, the factor
2/3 needs to be included.
C3 Ordered field configurations
In this section we discuss a method to obtain ordered magnetic
fields in the rest frame of the plasma, to calculate their contribu-
tions to the synchrotron emission. The jet is most conveniently de-
scribed using a cylindrical coordinate system (R , φ , Z), where
the central engine is at rest (the central engine rest-frame) and the
jet propagates outward along the Z−axis. In this reference frame
the magnetic field at some point r has cylindrical field components
(BR , Bφ , BZ). When the magnetic field configuration of a jet has a
helical structure, the radial field component BR is zero for a constant
jet radius. In that case, the pitch angle κ between the azimuthal field
component Bφ and the poloidal field component BZ can be defined
as:
tan(κ) =
BZ
Bφ
, (C10)
where κ = 0◦ corresponds to a pure azimuthal field and κ = 90◦
corresponds to a pure poloidal field. In Cartesian coordinates, for a
jet with a helical magnetic field structure we find:
B =
 −Bφ sin(φ) cos(κ)Bφ cos(φ) cos(κ)
BZ sin(κ)
 . (C11)
For a pure poloidal field we write Bpol = Bpol bpol, with
bpol =
 00
1
 . (C12)
The magnitude of the poloidal field, Bpol, is easily determined: the
conservation of poloidal magnetic flux can be written as:
pi R2jt B
′
pol(R) = Φ = constant , (C13)
where Rjt(Z) is the jet radius at a distance Z from the jet inlet. From
this it follows that the magnitude of the poloidal field scales as:
B′pol(R) ∝
1
R2jt
. (C14)
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For a pure azimuthal field we write Bazm = Bazm bazm, with
bazm =
 − sin(φ)cos(φ)
0
 . (C15)
Also for this magnetic field configuration, the magnitude Bazm is
easily determined: Ampe`re’s law determines the azimuthal field in
terms of the current as:
Bazm(R) =
2 I(< R)
c R
, (C16)
where I(< R) is the current that passes through a disk surface with
radius R, centred around the jet axis, and c is the speed of light. For
a homogeneous and structureless jet, a simple assumption can be
made that the electrical current is uniformly distributed over the jet
cross section so that the current density j equals:
j =
Ijt
pi R2jt
= constant , (C17)
where Ijt is the total electrical current that passes through the jet at
any given point along the jet axis. In that case the electrical current
is proportional to I(< R) ∝ j R2, so that:
Bazm(R) ∝ RR2jt
. (C18)
The synchrotron emissivity in a certain direction depends on
the field component perpendicular to the ray direction, all in the
local plasma rest frame. Therefore, we will first transform the mag-
netic fields back to the plasma rest-frame, and after we will calcu-
late the field component perpendicular to the line of sight.
Magnetic fields transform under Lorentz transformations ac-
cording to:
B′ =
1
γ
(
B +
γ2
γ + 1
β (β · B)
)
, (C19)
with the meaning β and γ as before. Now that we have the magnetic
field in the plasma rest-frame (C19), as well as the line of sight
vector in the plasma rest-frame (C3), both in Cartesian coordinates,
the magnetic field component perpendicular to the line of sight is
easily obtained:
B′⊥,ord = B
′
ord × n′ , (C20)
where subscript “ord” stands for ordered, which can be purely az-
imuthal, purely poloidal, or helical. From this field component, we
can calculate the magnetic energy, which is proportional to:
(B′⊥,ord)
2 =
∣∣∣B′ord × n′∣∣∣2 = (B′ord)2 (1 − (n′ · b′ord)2) . (C21)
C4 Mixed field configuration
When two components (such as a jet with a spine–sheath structure)
start out with an ordered magnetic field configuration and these
components are advected, turbulence and hydrodynamical insta-
bilities will lead to mixing between these two components. A jet
for example is thought to have a helical magnetic field structure
near the central engine of a AGN. As the jet propagates through the
ambient medium, instabilities and turbulence will lead to a larger
fraction of entanglement. Therefore, it is to be expected that astro-
physical jets and their surrounding cocoon will consist of a mix of
large-scale (ordered) fields and entangled (random) fields. There is
another simple argument that predicts the existence of large-scale,
ordered fields: if there are large-scale electrical currents, such as a
current along the jet’s axis, they will generate a large-scale ordered
azimuthal field. So even though turbulence is present, if large-scale
currents are not disrupted the large-scale field remains. In the case
where magnetic fields do not play a dynamically important role,
one can make a number of simple assumptions that could describe
this evolution based on pure hydrodynamic simulations.
Consider a system that has an isotropically entangled mag-
netic field B′ent component, as well as an ordered magnetic field
component B′ord which can be a poloidal field, an azimuthal field or
a helical field. Then the total magnetic field can be written as:
B′ = B′ent + B
′
ord . (C22)
Since the average over a large enough subvolume yields
〈
B′ent
〉
= 0,
the average of the total magnetic pressure is proportional to:
(B′)2 ≡
〈
(B′)2
〉
= (B′ord)
2 + (B′ent)
2 , (C23)
where (B′ent)
2 =
〈
|B′ent|2
〉
is implied. We can write the magnetic
pressure of the field components as a fraction of the total magnetic
pressure in the following way:
Λ =
(B′ent)
2
(B′ent)2 + (B
′
ord)
2 , (C24)
and
1 − Λ = (B
′
ord)
2
(B′ent)2 + (B
′
ord)
2 . (C25)
For the average contribution from the perpendicular magnetic pres-
sure we find:〈
(B′⊥)
2
〉
= (B′⊥,ord)
2 +
2
3
(B′ent)
2 , (C26)
from which it easily follows that:
(B′⊥)
2 = (B′)2
{
2
3
Λ + (1 − Λ) ∣∣∣b′ord × n′∣∣∣2} , (C27)
or equivalently
(B′⊥)
2 = (B′)2
{
2
3
Λ + (1 − Λ)
(
1 − (n′ · b′ord)2
)}
, (C28)
where the average over a large enough subvolume is implied.
This is still a general result. Now if we were to make the as-
sumption that not just the entangled magnetic field pressure (B′ent)
2,
but the total magnetic pressure (B′)2 scales with the gas pressure as
in (C9), the magnetic pressure from the mixed field configuration
(C28) can be calculated. Since Λ is the fraction of magnetic pres-
sure from the entangled field compared to that of the total magnetic
field, Λ = 1 corresponds to (B′ord)
2 = 0; while Λ = 0 corresponds
to (B′ent)
2 = 0. For Λ = 0.5 the magnetic pressure is equally dis-
tributed between the ordered field and the entangled field.
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